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ABSTRACT
Nested Calderas o f th e  N orth ern  K aw ich Range, ce n tra l Nevada
by
Denise K e lly  H onn
D r. Eugene I. S m ith , E xa m in a tion  C om m ittee C ha ir 
P rofessor o f Geology 
U n ive rs ity  o f Nevada, Las Vegas
Five calderas were discovered in  the  n o rth e rn  K aw ich Range, 
ce n tra l Nevada. These calderas are fille d  w ith  in tra ca ld e ra  rh yo lite  tu ffs  
and ca ldera collapse breccias. Based on ^OAr /  ^^Ar d a tin g  o f san id ine 
and c ro sscu ttin g  re la tion s , the ca lderas erup ted  in  the  fo llo w in g  o rder 
from  o ldest to  youngest: C liffo rd  S prin g  (23.67 ± 0.09 Ma), Tobe S pring  
(22.77 ± 0 .07 Ma), Cow C anyon (22.78 ± 0 .07 Ma), B ellehelen (22.87 ± 
0 .16 Ma), and W arm  S prings. W elded tu f f  lith o lo g ie s o f collapse breccia  
b locks show th a t these calderas rep resen t separate events and n o t a 
sing le caldera w ith  piecem eal collapse. G eochem istry shows th a t the  five 
in tra ca ld e ra  tu ffs  are chem ica lly  s im ila r and  therefore oogenetic. The five 
tu ffs  are also s im ila r to  the  P ahranagat F o rm ation  and the  Pyram id 
S pring tu ff. To exp la in  the  e ru p tio n  o f a t least seven tu ffs  o f very s im ila r 
ch e m is tiy  over a pe riod  o f 1.06 m .y, a new  m odel fo r m agm a
111
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p ro d u c tio n  in  n o rth e rn  Nye C oun ty d u rin g  the T e rtia ry  ig n im b rite  fla re - 
up  is  presented. T h is  m odel ca lls  fo r a heat surge p roduc ing  greater 
th a n  50 % p a rtia l m e ltin g  o f the  low er c ru s t p roduc ing  rh y o litic  m e lt 
batches o f s im ila r chem istry . C ooling o f the  c ru s t due to these 
vo lum inous e ru p tio n s  resu lted  in  the  suppression o f the  ig n im b rite  fla re  
up.
I V
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CHAPTER 1
INTRODUCTION 
A pprox im a te ly  5 x 1 0 ^  km ^ o f in te rm ed ia te  to s ilic ic  m agm a was 
produced w ith in  the C o rd ille ra  d u rin g  the  m idd le  to  la te  Cenozoic 
(Johnson, 1991). T h is  m agm atism  was in  p a rt represented a t the surface 
as the  ig n im b rite  fla re -u p  (Coney, 1977) w ith in  the  n o rth e rn  B asin  and 
Range sub-province.
The n o rth e rn  B asin  and Range sub-p rov ince  covers ce n tra l and 
n o rth e rn  Nevada, w estern U tah , and p a rts  o f C a lifo rn ia , Oregon and 
Idaho (F igure 1). V o lcan ism  in  th is  sub -p rov ince  swept from  n o rth  to 
sou th  between approx im ate ly  51 and 20 M a (Faulds et a l., 2001). M uch 
o f th is  vo lcan ism  is  represented by ash -flow  tu ffs  th a t erup ted  from  
nested ca ldera com plexes. T h is  the s is  describes one o f these caldera 
com plexes located in  the  n o rth e rn  K aw ich Range (F igure 2).
The presence o f a sing le caldera in  the  n o rth e rn  K aw ich Range has 
been suspected since the 1970’s (C ornw all, 1977; E kren  e t a l., 1976; 
S tew art and C arlson, 1976; G ardner e t a l., 1980; Best and C hris tia nsen , 
1995) b u t the  exact loca tion , size, geom etry, and the  ash -flow  tu f f  
erup ted  from  th is  ca ldera were p rob lem atic .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I t  is  the purpose o f th is  the s is  to  describe the  five new ly m apped 
calderas in  the n o rth e rn  K aw ich Range and de term ine the tim in g  and 
d is tr ib u tio n  o f the  ash-flow  tu ffs  re la ted  to  these calderas. T h is  w ork  
was accom plished by de ta iled  m apping, petrography, geochem ical 
ana lysis, pe tro log ic m odeling, and geochronology.
T h is  thesis produced a de ta iled  bedrock geologic m ap o f an area n o t 
p rev ious ly  m apped in  d e ta il in c lu d in g  the  loca tion  o f five p rev iously  
u n id e n tifie d  calderas. P reviously o n ly  one large ca ldera  was thoug h  to be 
p resent in  th is  area (S tew art and C arlson, 1976; G ardner e t a l., 1980; 
B est et a l., 1995). T h is  large caldera, ca lled the K aw ich C aldera, was 
th o u g h t to  be the source o f the  P ahranagat A sh-flow  Sheet (Best and 
C hris tiansen , 1995). Th is ca ldera  does n o t ex is t because five calderas 
are exposed in  the  n o rth e rn  K aw ich Range. In  a d d itio n , the  loca tion  and 
presence o f the B ellehelen F a u lt Zone m apped by G ardner et a l. (1980) is  
b ro u g h t in to  question . T h is  research dem onstra ted th a t the  B ellehelen 
F a u lt Zone is  a c tu a lly  the  w a ll o f one o f these calderas.
A new m odel fo r m agm a p ro d u c tio n  in  n o rth e rn  Nye C oun ty d u rin g  
the  T e rtia ry  ig n im b rite  fla re -u p  is  presented. T h is  m odel ca lls  fo r a heat 
surge p roducing  greater th a n  50 % p a rtia l m e ltin g  o f the  low er c ru s t 
p rodu c ing  rh y o litic  m e lt batches o f s im ila r chem istry . C ooling o f the 
c ru s t due to  the  vo lu m in o u s e ru p tio n s  fro m  these calderas re su lted  in  
the suppression o f the  ig n im b rite  fla re  up .
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F igure 1. M agm a-chrons dem onstra te  the  sou thw ard  m ig ra tio n  o f 
m agm atism  in  the  n o rth e rn  B asin  and Range sub-p rov ince  d u rin g  the 
ig n im b rite  fla re -u p  between 51 and 20 Ma. M od ified  fro m  Faulds e t al. 
(2001).
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F igure 2. M ap o f Nevada w ith  generalized co u n ty  boundaries 
and the  loca tion  o f the  K aw ich Range (in  blue) in  ce n tra l Nye 
C ounty, Nevada.
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CHAPTER 2
BACKGROUND 
Regional Geology
The n o rth e rn  B asin  and Range sub-province o f w estern N orth  A m erica 
(F igure 1) was sub ject to  large-sca le extension d u rin g  the  Cenozoic. The 
causes o f th is  extension are s t ill w ide ly  debated and m any m odels have 
been proposed. The onset o f Cenozoic extension in  the  n o rth e rn  B asin  
and Range sub-province began in  Idaho around  45 .5  Ma. E xtension  d id  
n o t begin in  ce n tra l Nevada u n til app rox im a te ly  35 M a (W ernicke, 1992).
P atterns o f m agm atism  d u rin g  Cenozoic extension o f the  N orth  
A m erican C o rd ille ra  in  general do n o t corre la te  w ith  p a tte rn s  o f extension 
(Best and C hris tiansen , 1991). The connection , i f  one exists, between 
Cenozoic extension and m agm atism , has n o t ye t been estab lished.
W ith in  the n o rth e rn  B asin  and Range sub-province  m agm atism  sw ept 
from  n o rth  to  sou th  from  ~51 M a to  20 M a (Faulds e t a l., 2001). T h is  
m agm atism  in c lu d e d  the  em placem ent o f vo lu m inou s p lu to n s  and the 
fo rm a tio n  o f several T e rtia iy  ca lderas in  ce n tra l Nye C ounty, Nevada.
T e rtia iy  calderas th a t have been id e n tifie d  in  ce n tra l Nye C oun ty 
in c lu d e  the C athedra l Ridge C aldera  (E kren e t a l., 1971), W illia m s  Ridge
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C aldera, H o t C reek V a lley C aldera (E kren et a l., 1973), ca ldera  o f the 
Q u in n  C anyon Range (E kren, 1977), B ig  Ten Peak ca ldera  (K le inham pl 
and Z iony, 1985), ca ldera o f G ob lin  Knobs (Best e t a l., 1993), Pancake 
Range C aldera, K iln  C anyon Caldera, caldera o f the  n o rth e rn  Reveille 
Range (Rash, 1995), P yram id S pring  caldera (M cKelvey, 2005), and 
C liffo rd  S pring, Cow C anyon, Tobe S pring, Bellehelen, and W arm  S prings 
calderas (th is  study) (Table 1). A sh-flow  tu ffs  e rup ted  fro m  these, and 
possib ly o th e r u n id e n tifie d  calderas, m ake up  the  T e rtia ry  ash-flow  tu f f 
s tra tig ra p h y  in  the  n o rth e rn  G reat B asin .
A sh -flow  T u ff S tra tig ra p h y  
The T e rtia iy  ash -flow  tu f f  s tra tig ra p h y  o f the  area a roun d  the  
n o rth e rn  Kaw ich Range has n o t been described com prehensively so it  
m u s t be com piled from  several d iffe re n t stud ies (Table 1). Knowledge o f 
the reg iona l ash -flow  tu ff  s tra tig ra p h y  o f the  areas ad jacen t to  the 
Kaw ich Range is  im p o rta n t fo r the  co rre la tio n  o f tu ffs  e rup ted  from  
calderas w ith in  the  n o rth e rn  Kaw ich Range w ith  o u tflo w  sheets and fo r 
co rre la tio n  o f tu ffs  from  ou ts ide  the  p ro jec t area to  those w ith in  it.
P revious W ork
The geology o f the  n o rth e rn  K aw ich Range has been described by 
C ornw all (1972), S tew art and C arlson (1976), G ardner et a l. (1980), and 
Best et al. (1995). These a u th o rs  agree th a t a ca ldera  in  the  n o rth e rn  
Kaw ich Range is  responsib le  fo r the  e ru p tio n  o f the  th ic k  section o f ash- 
flow  tu ffs  w ith in  the  n o rth e rn  K aw ich Range. However, the y disagree on
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the  lo ca tio n , size, age, and ash-flow  tu ffs  re la ted to  th is  caldera.
C o rn w a ll (1972) described the  K aw ich Range as a h o rs t flanked  on 
e ith e r side by no rm a l fa u lts  w ith  approx im ate ly  450 m eters o f th ro w  on 
the east and  900 m eters o f th ro w  on the w est side o f the  range. C ornw all 
(1972) id e n tifle d  the rocks in  the  n o rth e rn  K aw ich Range as the tu f f  o f 
W hite  B lo tch  S pring, tra chyte  flow s, and in tru s io n s .
S tew art and C arlson (1978) m apped the  e n tire  n o rth e rn  Kaw ich 
Range as th ree  u n its ; welded and non-w elded s ilic ic  ash-flow  tu ffs , 
rh y o litic  in tru s iv e  rocks, and rh y o litic  flow s and sha llow  in tru s ive  rocks. 
S tew art and C arlson (1978) were firs t to  nam e the ca ldera in  the 
n o rth e rn  K aw ich Range the  “K aw ich C aldera.” A ccord ing  to  them , th is  
ca ldera extends from  U.S. H ighw ay 6 on the  n o rth  to  the  center o f the 
Kaw ich Range (F igure 3).
G ardner e t a l. (1980) produced a reconnaissance geologic m ap o f the 
n o rth e rn  K aw ich Range and sou the rn  Reveille Range th a t d isp lays the 
basic s tra tig ra p h y  o f the tw o ranges and provided a K -A r date o f 26 .4 ±
1.3 M a (b io tite ) fo r a rhyodacite  dome and associated flow  u n its .
G ardner e t a l. (1980) located the  w a ll o f the  “K aw ich C aldera” sou th  o f 
the  B ellehelen F a u lt Zone. They suggested th a t th is  ca ldera is  the 
source fo r m ost o f the  ash -flow  tu f f  in  the  n o rth e rn  K aw ich Range (F igure 
4). A ccord ing to  G ardner e t a l. (1980), the  B e llehelen F a u lt Zone (F igure 
4), w h ich  tru n ca te s  the  w a ll o f the  K aw ich C aldera, is  a p o rtio n  o f the 
Bellehelen L ineam ent. T h is  lin e a m e n t extends 550 km  from  the
7
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sou the rn  tip  o f the Reveille Range in  a n o rthw e ste rly  d ire c tio n  th rou g h  
the  K aw ich Range. G ardner e t a l. (1980) also assert th a t the B ellehelen 
L ineam ent is  te c to n ica lly  lin k e d  to  the  W alker Lane F a u lt Zone. Th is 
c la im  is based sole ly on the len g th  and o rie n ta tio n  o f the Bellehelen 
lineam ent.
Best e t al. (1995) suggested th a t the  “ Kaw ich C aldera” is  the  source 
fo r the  Pahranagat F o rm ation . The Pahranagat F o rm a tion  erup ted  a t 
22.639 ± 0.009 M a (^OAr/^^Ar date from  sanidine) and covers an area o f 
33 ,000 km2. A ccord ing to  Best e t a l. (1980), the “K aw ich C aldera” 
extends from  the  W arm  S prings F a u lt a t U.S. h ighw ay 6 to  the sou the rn  
tip  o f the K aw ich Range and in to  the  sou the rn  Reveille Range to  the  east 
(F igure 5).
8
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C alderas In tra ca ld e ra  T u ff O u tflow  Sheet
Age
(Ma) Reference
W illia m s Ridge M orey Peak W indous B u tte 32.2 E kren  e t a l., 1973
H ot C reek V a lley H ot C reek Canyon H ot C reek Canyon 29.7 E kren e t a l., 1973
un kn o w n u n know n T u ff o f Antelope S pring 27.7 E kren  e t a l., 1971
Pancake R. unam ed M onotony 27.3 E kren  e t a l., 1972
K iln  Canyon K iln  Canyon Orange L ichen Creek 26.8 Rash, 1995
u n know n u n know n T u ff o f A rrow head 26.6 E kren et a l., 1971
un know n un know n T u ff o f B a ld  M o un ta in 26.5 E kren  et a l., 1971
B ig  Ten Peak B ig Ten Peak Rye Patch 26.0 K le inham p l and Z iony 1985
Q u in n  Canyon R. Shingle Pass S hingle Pass 26.0 E kren  e t a l., 1977
G ob lin  Knobs G ob lin  Knobs un kn o w n 25.4 Rash, 1995
N orthern  Reveille R. N. Reveille R. u n know n 24.6 Rash, 1995
P yram id S pring P yram id S pring P yram id S pring 22.9 M cKelvey, 2005
un know n u n know n P ahranagat Form ation 22.6 B est e t a l., 1995
C liffo rd  S pring C liffo rd  S pring u n know n 23.7 T h is  S tudy
Cow Canyon Cow Canyon u n know n 22.8 T h is  S tudy
Tobe S pring Tobe S pring un know n 22.8 T h is  S tudy
Bellehelen B ellehelen un know n 22.8 T h is  S tudy
W arm  Springs W arm  S prings u n know n ?? T h is  S tudy
C athedra l Ridge F rac tion un kn o w n 18.3 E kren  e t a l., 1971
un know n un know n B elted Range T u ff 13.8 E kren  e t a l., 1971
un kn o w n un kn o w n P a in tb ru sh  T u ff 12.4 E kren  e t a l., 1971
u n know n u n know n T im ber M o un ta in  T u ff 10.9 E kren e t a l., 1971
un know n u n know n T h irs ty  Canyon T u ff 6.20 E kren e t a l., 1971
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CHAPTER 3
FIELD OBSERVATIONS AND PETROGRAPHY 
The ash -flow  tu f f  s tra tig ra p h y  o f the  n o rth e rn  K aw ich Range is  based 
on de ta iled  fie ld  observations and pétrograph ie  analyses. A sh-flow  tu ffs  
were id e n tifie d  and corre la ted based on m ethods proposed by H ild re th  
and M ahood (1985). F ie ld  observations and pe trog raphy dem onstrate 
th a t there  are five calderas in  the  n o rth e rn  K aw ich Range and th a t th e ir 
in tra ca ld e ra  ash -flow  tu ffs  e rup ted  in  th is  order: C liffo rd  S pring tu ff, 
Tobe S pring tu ff, Cow C anyon tu ff, Bellehelen tu ff, and fin a lly  the  W arm  
Springs tu ff.
C aldera Id e n tific a tio n  
The fie ld  w o rk  p o rtio n  o f th is  p ro jec t was conducted over a s ix  week 
period in  M ay, Jun e , and J u ly  o f 2004. F ie ld  w o rk  in c lu d e d  m app ing  a t 
a scale o f 1:12,000 and sam ple co llec tio n  fo r pé trograph ie , geochem ical, 
and geochronologic analyses. D ata  collected d u rin g  fie ld  w o rk  are the  
m a jo r evidence used to  id e n tify  calderas in  the  n o rth e rn  Kaw ich Range.
Calderas are id e n tifie d  by lo ca tin g  ca ldera w a lls , in tra ca ld e ra  tu ffs , 
and collapse breccias. C aldera w a lls  were m apped a t the  contact 
between in tra ca ld e ra  f i l l  and e x te rio r lith o lo g ie s  such  as ou tflow
13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sheets, p re-ca ldera  vo lcan ic rock, and c o u n try  rock. In tra ca ld e ra  f i l l  is 
com posed p rim a rily  o f th ic k  m onotonous tu f f  (L ipm an, 1997). 
In tra ca ld e ra  f i l l  also inc ludes post-co llapse in tru s ive  rocks and deposits 
o f collapse breccias. In tra ca ld e ra  tu ffs  were m apped in  the  fie ld  based on 
ch a ra c te ris tic  fea tures such as d is tin c tiv e  m inera logy, lith ic  types, and 
a lte ra tio n . Collapse breccia c lasts  lith o lo g ie s  were m apped by 
com parison w ith  the  In tra ca ld e ra  tu ffs .
C ollapse breccias are lan ds lide  deposits th a t o rig ina te  from  the 
ca ldera w a ll and flow  in to  the  in te rio r o f the  caldera. The m a trix  o f the 
collapse breccia  is  the  in tra ca ld e ra  ash -flow  tu ff th a t was e ru p tin g  d u rin g  
collapse (F igure 6). Collapse breccias can be c lassified  as m esobreccia o r 
m egabreccia based on c las t size. M esobreccia con ta ins  an gu la r to  sub- 
a n g u la r lith ic  c lasts sm a lle r th a n  one m eter in  d iam ete r and is  
in te rp re te d  as the p ro d u c t o f re c u rre n t ro ck  slides and fa lls  from  the  
over-steepened slopes o f the  ca ldera  w a ll sh o rtly  a fte r collapse. 
M esobreccia deposits in  general do n o t tra ve l fa r from  the caldera w a ll 
from  w h ich  they o rig ina te  and are fo u n d  near the  top  o f the  in tra ca ld e ra  
f i l l  sequence (L ipm an, 1976) (F igure 6).
In  con trast, m egabreccia fo rm s as the  w a ll o f the  ca ldera collapses 
d u rin g  an e ru p tio n  o f ash -flow  tu f f  (L ipm an, 1976). Due to  the large- 
scale o f the collapse, lan ds lides th a t occu r d u rin g  th is  tim e  have 
extrem ely large lith ic  c lasts  (up to  1 km  long  in  the  p ro je c t area). 
M egabreccia deposits are the re fore  th ic k  lenses o f co llapse breccia  w ith
14
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lith ic  c lasts greater th a n  1 m eter in  d iam ete r (L ipm an, 1976). 
M egabreccia occurs as th ic k  lenses o f collapse breccias, as m uch as 0.5 
km , w ith  sm a ll in d iv id u a l b locks (a few m eters in  d iam eter) tra ve lin g  
considerable d istances from  the  caldera w a ll from  w h ich  they o rig ina ted . 
In  some cases they m ay tra ve l as fa r as the  cen ter o f the  caldera.
Collapse breccias are re s tric te d  to  the  in te rio r o f calderas and are, 
therefore, irre fu ta b le  evidence fo r the  existence o f a caldera. They can be 
used to  id e n tify  calderas in  areas o f s tru c tu ra l com p lex ity  and deep 
erosion (L ipm an, 1976).
C alderas and ash -flow  tu ffs  
Clifford Spring caldera and ash-flow tu ff
The C liffo rd  S pring  ca ldera is  located in  the  w estern p a rt o f the  p ro ject 
area (F igure 7 and PLATE 1). A t th is  lo ca tio n  the  ca ldera  is  in tru d e d  by 
the Castle Rock dome and tru n ca te d  by the  w a ll o f the  younger Cow 
Canyon and Bellehelen calderas (see d iscuss ion  below ). The w a ll o f the 
C liffo rd  S pring  ca ldera was n o t located, th u s  no estim ate o f the size o f 
the caldera can be made. The C liffo rd  S pring  ca ldera was id e n tifie d  
p rim a rily  by the  occurrence o f u n iq u e  m egabreccia b locks w ith in  the 
C liffo rd  S pring tu ff. The m egabreccia b locks are a h ig h ly  s ilic ifie d  d a rk  
red tu f f  and are n o t exposed anyw here else in  the  p ro je c t area.
The C liffo rd  S pring  tu f f  e rup ted  23 .67 ± 0.09 m illio n  years ago 
(C hapter 5 and A ppend ix C). I t  is  the  o ldest, based on th is  date and fie ld  
observations, o f the  five in tra ca ld e ra  tu ffs . The C liffo rd  S pring  tu f f  is  also
15
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found  as m egabreccia b locks in  the  younger Bellehelen caldera.
The C liffo rd  S pring tu f f  is  a v itr ic  rh yo lite  tu ff. F rom  pétrograph ie  
estim ates, the  w hole rock is  60 % rh y o litic  m a trix , 15 % pum ice, less 
th a n  1 % lith ic s , and 25 % phenocrysts o f san id ine (55 % of 
phenociysts), qu a rtz  (25 %), p lagioclase (10 %) and b io tite  (10 %) 
(Appendix B). Some o f the plagioclase ph eno c iys ts  have resorbed cores 
(F igure 8). T h is  te x tu re  is  also found  in  o th e r in tra ca ld e ra  tu ffs  o f the 
n o rth e rn  Kaw ich Range. U nique from  the  o th e r in tra ca ld e ra  tu ffs , the 
C liffo rd  S prings tu f f  has a b u n d a n t (7 % o f to ta l rock) iro n  oxide a lte ra tio n  
in  the fo rm  o f pyro lu s ite  and ha los o f iro n  s ta in in g  a roun d  b io tite  gra ins 
(F igure 9).
The Tobe Spring ash-flow tu ff and caldera
The Tobe S pring  caldera is  located in  the  sou theaste rn  q u a rte r o f the 
m apped area (F igure 10, and PLATE 1). The ca ldera  was located by the 
recogn ition  o f m egabreccia b locks o f th ree  u n id e n tifie d  tu ffs . The 
exposed p o rtio n  o f Tobe S pring  ca ldera  is  tru n ca te d  by the younger 
Bellehelen caldera. No d e te rm in a tio n  o f size o r shape o f the  Tobe S pring 
caldera cou ld  be m ade because on ly  a sm a ll fragm en t o f the  ca ldera  is  
preserved in  the  n o rth e rn  K aw ich Range.
The in tra ca ld e ra  tu ff o f the  Tobe S pring  ca ldera has an ^OAr/^^Ar age 
o f 23.77 ± 0.07 M a (from  in d iv id u a l san id ine  crysta ls) (C hapter 5 and 
A ppendix C). A ll ou tcrops o f the  Tobe S pring  ash -flow  tu f f  appear to  be 
in traca ld e ra  tu f f  o r m egabreccia m a trix . However, the  Tobe S pring  tu f f
16
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also occurs as m esobreccia b locks w ith in  the B ellehelen and Cow 
C anyon tu ffs  (see d iseussion below)
The Tobe S pring tu ff is  45 % m a trix , 25 % phenociysts , 10 % lith ic  
fragm ents, and 20 % pum ice. The Tobe S pring tu f f  con ta ins sm a lle r (less 
th a n  1.2 mm) and less a b u n d a n t (45 % o f phenociysts) san id ine  
phenoc iys ts  th a n  o the r K aw ich tu ffs . S im ila rly , b io tite  phenoc iys ts  are 
sm a lle r (< 0.75 x  0 .13 mm) and less a b u n d a n t (10 % o f phenoeiysts) 
th a n  in  the  o th e r in traea lde ra  tu ffs  (Appendix B ).
The Cow Canyon ash-flow tu ff and caldera
O f the  five calderas, the  Cow C anyon is  the on ly  one th a t does n o t 
eon ta in  m egabreccia deposits. However, m esobreecia, w ith  a m a trix  o f 
Cow Canyon ash -flow  tu ff, occurs in  the  sou theastern  corner o f the  
p ro je c t area (F igure 11) (PLATE 1). C lasts in  the m esobreccia, com posed 
o f the  Tobe S pring  tu ff, range in  size u p  to  fifty  eentim eters.
The Cow C anyon in trae a ld e ra  tu ff, 22 .78  ± 0 .07 M a (C hapter 5 and 
A ppend ix C) is  greater th a n  500 m  th ic k  (F igure 12). The Cow C anyon 
tu f f  is  60 % rh y o litie  glass m a trix , 35%  phenoe iysts, less th a n  1 % 
lith ic s , and 25 % pum iee. S im ila r to  the  C liffo rd  S prings tu ff, the  Cow 
C anyon tu ff, in  th in  seetion, co n ta in s  plagioclase pheno c iys ts  w ith  
resorbed cores. Resorbed cores are the  p ro d u c t o f d is e q u ilib riu m  o f the 
m agm a e ith e r due to  ehange in  p ressure , tem pera tu re , o r chem is try . The 
d is tin c tive  m inera logy o f the  Cow C anyon tu f f  inc lud es large 
e ryp to p e rth itic  (ehatoyant) san id ine  (up to  2.6  m m  in  diam eter) and
17
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a b u n d a n t (15 % o f phenociysts) large (up to  1.5 m m  in  d iam eter) b io tite  
phenoc iys ts  (Appendix B).
Bellehelen ash-flow  tu ff and caldera
The B ellehelen C aldera is  the  best preserved and o f the  second 
youngest o f the  m apped ealderas in  the  n o rth e rn  K aw ich Range. I t  has 
an elongate shape w ith  its  long  axis o rien ted  ap prox im ate ly  w est- 
no rthw est between Bellehelen and Neversweat Canyons (PLATE 1).
The sou the rn  w a ll o f the  B ellehelen ealdera is  co ine iden t w ith  the 
B ellehelen F a u lt Zone o f G ardner e t a l. (1980) (F igure 13). A lthough  
there  is  a sharp  topographie  g rad ie n t in  th is  area, no fa u lts  were 
id e n tifie d  in  the  fie ld . R ather th a n  being a fa u lt zone, th is  topographic 
break is  in te rp re te d  as the  sou the rn  m a rg in  o f the  B ellehelen ealdera. 
The B ellehelen tu f f  a long th is  ealdera m a rg in  con ta ins  m eso- and 
m egabreccia deposits.
The B ellehelen C aldera is  fille d  by the  B ellehelen ash -flow  tu ff. The 
tu f f  was dated, u s in g  ^OAr/^^Ar o f sing le san id ine  phenoc iys ts , a t 22 .87 + 
0.16 M a (Appendix C). The B ellehelen tu f f  con ta ins  lith ic  fragm ents o f 
the Tobe S pring  tu ff. Cow C anyon tu ff, and C liffo rd  S pring  tu ff. Besides 
oeeurring  as in tra e a ld e ra  tu ff, the  B ellehelen tu f f  a lso occurs as 
m egabreccia b locks w ith in  the  younger W arm  S pring  ealdera (see 
d iseussion below). These fie ld  re la tio n sh ip s  ind iea te  th a t the  Bellehelen 
ash-flow  tu f f  is  o lde r th a n  the  W arm  S prings ash -flow  tu f f  and younger 
th a n  the  Cow C anyon ash -flow  tu ff.
18
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The B ellehelen tu f f  is  50 % m a trix , 20 % phenoc iys ts , less th a n  5% 
lith ic s , and  25% pum ice. In  th in  section, the  Bellehelen tu f f  con ta ins 
tw o types o f pum ice (F igure 14), a u n ique  fea tu re  o f th is  tu ff. A lso 
u n ique  to  the Bellehelen tu f f is  the  la ck  o f b io tite , the  presence o f 
accessory a lla n ite , and deform ed and resorbed m uscovite  xenociysts  
w ith in  pum iee (F igures 15) (Appendix B).
Bellehelen Canyon megabreccia
The B ellehelen ealdera eonta ins the  best preserved m egabreceia 
deposit. The m egabreeeia, he re in  nam ed the  B ellehelen Canyon 
megabreeeia, erops o u t in  the  no rthw e ste rn  p a rt o f the  ealdera w here the 
B ellehelen ealdera tru nca tes  the  C liffo rd  S pring  and Cow canyon 
calderas (F igure 7 and PLATE 1). The B ellehelen C anyon megabreeeia is 
exposed over an area o f ap prox im ate ly  4 km ^. M egabreceia b locks have 
an average d iam ete r o f fo rty  tw o m eters and a to ta l estim ated volum e o f 
143,340 cub ic  m eters. These ca lcu la tio n s  were m ade u s in g  ENVI 
software by d ig itiz in g  the  loea tion  o f in d iv id u a l m egabreceia b locks from  
an ae ria l photo and ground based m app ing  (F igure 16).
The megabreeeia b locks create a hum m ocky topography (F igure 17) 
w ith  three p a ra lle l lin e a r ridges p e rp e nd icu la r to  the  ealdera w a ll (F igure 
7). These ridges are ap pro x im a te ly  0.8  k ilom e te rs  long, and 100 to  200 
m eters w ide. The deposit does n o t have a lobate o r fan  geom etry as is 
typ ica l o f large lan ds lide  deposits (E aste rbrook, 1999). A m ore classic 
landslide  shape m ay have been presen t, b u t beeause o f erosion, is  n o t
19
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preserved. A lte rn a tive ly , the geom etry o f the  landslide  m ay re flect 
pa leotopography o f the ealdera floo r. E rosion  o f the  ealdera presents a 
prob lem  w hen loca ting  the exact lo ca tio n  o f the o rig in  o f the deposit. 
Based on the size d is trib u tio n  and com position  o f m egabreccia, the 
ca ldera-collapse breccia o rig ina ted  fro m  the  no rthw e ste rn  Bellehelen 
ealdera w a ll (F igure 16).
The con tact between the B ellehelen ash -flow  tu ff  m a trix  and the 
sub ang u la r m egabreeeia b locks can be e lea rly  id e n tifie d  beneath some o f 
the  m egabreceia b locks (F igures 18a,b). B locks range in  size from  one to 
200 m eters in  d iam eter. In  general the  bloeks are la rg e r closer to  the  
w a ll o f the  ealdera. Th is size d is tr ib u tio n  is  a ttrib u te d  to phys ica l 
breakdow n o f b loeks d u rin g  the  la n d s lid e  event and sup ports  the 
hypothesis th a t the n o rth e rn  ealdera w a ll collapsed to  the  sou thw est 
p rodue ing  the Bellehelen m egabreceia. T h is  hypothesis is  also supported  
by the d is tr ib u tio n  o f m egabreceia b locks w ith  d iffe re n t com positions.
The eom position o f m egabreceia b locks re flects  the  w a ll roek fro m  w h ich  
i t  was derived (L ipm an, 1976). Therefore, m egabreceia b locks are 
com posed o f Cow C anyon tu f f  w here the  w a ll o f the  B ellehelen ealdera 
tru nca tes  the Cow C anyon ea ldera and C liffo rd  S pring  tu f f  w here the  w a ll 
o f the Bellehelen ealdera tru n ca te s  the  C liffo rd  S pring  C aldera (F igure 7, 
PLATE 1).
M egabreceia near the  n o rth e a s t and sou thw est B ellehelen ealdera 
w a lls  are n o t as w e ll exposed as the  B ellehelen C anyon m egabreeeia and
20
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therefore are n o t as easily s tud ied . However, they do add in fo rm a tio n  
abou t the B ellehelen ca ldera-collapse event.
F o lia tio n  o f fiam m e in  m egabreeeia b loeks near the  no rth e a st w a ll 
have p a ra lle l s trike s  and v a iy in g  d ips (F igure 19), suggesting b locks 
ro ta ted  as they s lid  away from  the  ealdera w a ll. D u rin g  typ ie a l ealdera- 
collapse events m egabreceia b locks s lum p and t i l t  in  the  d ire e tio n  o f flow  
(Francis e t a l., 1985). A t th is  loea tion  the  m egabreeeia b locks range in  
size from  200 to  600 m eters in  d iam ete r near the  w a ll o f the ealdera and 
grade in to  m esobreccia b locks th a t fo rm  capstones on top  o f hoodoos o f 
the Bellehelen ash-flow  tu f f  (F igure 20) a t the te rm in u s  o f the deposit.
Megabreeeia b loeks, near the  sou thw est ealdera w a ll dem onstra te  the 
re la tio n sh ip  between collapse-brece ia  b lo ck lith o lo g y  and source as w e ll 
as the effeet o f b locks on the  m a trix  th a t eon ta ins them . The pervasive 
fo lia tio n  form ed by a ligned fiam m e w ith in  the  B ellehelen tu f f  w raps 
a round  each o f these m egabreeeia b loeks (F igure 10, and PLATE 1) 
suggesting th a t the  m egabreeeia was deposited w h ile  the  tu f f  was s t ill h o t 
enough to p la s tie a lly  deform  pum ice. A t th is  loea tion  the  lith o lo g y  o f the 
m egabreceia b locks corresponds to  the  w a ll roek o f the  ealdera, w h ieh  is 
megabreeeia o f u n -id e n tifie d  tu f f  in  the  Tobe S pring  ealdera (F igure 10, 
PLATE 1). Thus, the  B ellehelen ea ldera w a ll eollapsed p rodue ing  
m egabreceia b locks co n ta in in g  the  lith o lo g ie s  o f the  Tobe S pring  
megabreceia.
21
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Warm Springs ash-flow  tu ff and ealdera
The W arm  S prings ealdera w a ll was id e n tifie d  ab ou t one k ilom e te r 
w est o f the  W arm  S prings tow nsite  sou th  o f U.S. h ighw ay 6 (PLATE 2). A 
th ic k  section o f the  W arm  Springs tu ff f ills  the  ealdera. J u s t to  the sou th  
o f the  ealdera w a ll, the  W arm  S prings tu f f  eon ta ins m egabreeeia b locks o f 
a b io tite -b e a rin g  c rys ta l tu f f  as w e ll as the  C liffo rd  S pring, and the 
B ellehelen tu ffs  (F igure 21). The presenee o f these b locks ind ica tes th a t 
the W arm  S prings ealdera and re la ted  in tra e a ld e ra  tu f f  are the youngest 
in  the n o rth e rn  K aw ich Range. A m egabreceia b lo ck  in  the  W arm  
S prings tu f f  was dated a t 23 .67 ± 0.09 M a (C hapter 5) u s in g  single 
c rys ta l san id ine ^OAr/^^Ar (Appendix A), in d ie a tin g  th a t the  W arm  
Springs tu f f  is  younger th a n  th a t age. A da tab le  sam ple o f the W arm  
S prings tu f f  was n o t colleeted (see d iscussion  in  C hap te r 5).
In tru s io n s
Rhyolite and basa lt d ikes
A  rh y o litie  d ike , dated a t 20 .68  ± 0 .07 M a fro m  sing le c rys ta l san id ine  
40Ar/39Ar (C hapter 5), cu ts  across the  eastern B ellehelen ealdera w a ll 
(F igure 22). The d ike  is  1.7 km  long, o rien ted  N30E and is  less th a n  150 
m eters w ide. The d ike  and B ellehelen ealdera w a ll a t th is  loca tion  are 
offset by one o f the  few  fa u lts  m apped in  the  n o rth e rn  K aw ich Range 
(PLATE 1). The rh y o lite  d ike  has d is tin c tiv e  plagioelase phenoerysts (50 
% to ta l phenociysts) w h ich  range in  size fro m  0.5 m m  to  4 em. The 
la rger (1 cm  to  4 cm) plagioclase phenoerysts have resorbed cores.
22
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Plagioclase phenociysts  o f th is  size were n o t found  elsewhere in  the 
p ro jec t area. The d ike  also eonta ins san id ine  (25 % to ta l phenoeiysts), 
q u a rtz  (1 5% ), and b io tite  (10 %) phenoerysts.
Two sm a ll (~3 m  x  6 m) basa ltic  d ikes are p a ra lle l and  ad jacent to  the 
rh yo lite  d ike . The basa ltic  d ikes con ta in  o liv ine  (< 5 % to ta l phenoeiysts) 
and p lagioclase (95%) phenociysts . The d ikes show d is e q u ilib riu m  
tex tu re s  in c lu d in g  plagioclase (F igure 23) and qu a rtz  xen oc iys ts  w ith  
d is e q u ilib riu m  textu res such as re sorbed cores and reaction  rim s.
23
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F igure 8. A plagioclase phenocryst w ith  a resorbed core 
in  the  C liffo rd  S pring  tu f f  u n d e r crossed po larized lig h t.
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F igure 9. A b io tite  g ra in  w ith  Fe-oxide a lte ra tio n  ha lo in  
the C liffo rd  S pring  tu ff  in  p lane po la rized  lig h t.
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Figure 10. M ap o f Tobe S pring  tu f f  w ith  m egabreccia b locks o f 
u n id e n tifie d  tu ffs . The Tobe S prin g  ealdera is  tru n ca te d  by the 
Bellehelen ealdera w a ll a t th is  loca tion . F iam m e fo lia tio n  d ip  away 
from  m egabreccia b locks in  the  Bellehelen ealdera in  the  no rth e a st 
corner o f th is  m ap.
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Figure 11. Cow C anyon tu f f  w ith  m esobreccia c las ts  o f the  Tobe S pring 
tu ff. The d a rk  rim  a roun d  the  la rgest c la s t is  a ch ille d  m arg in .
>500 m eters
F igure 12. V iew  to  the  sou thw est o f the  eastern fla n k  o f the Kaw ich 
Range where five h u n d re d  m eter h ig h  c liffs  represent an u n fa u lte d  
section o f Cow C anyon tu ff.
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Cow C anyon tu f f
Tobe S pring  tu f f
B ellehelen tu ff
F igure 13. S ou thern  w a ll o f the  B ellehelen C aldera (o u tline d  in  w hite) 
p rev ious ly  in te rp re te d  as the  "Bellehelen F a u lt Zone" by G ardner e t al. 
(1980).
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Figure 14. P hotom icrograph o f tw o d iffe re n t pum ice 
types w ith in  the B ellehelen tu ff (polarized lig h t).
1.0mm
Glassy matrix
Muscovite
xenociyst
Allanite
F igure 15. P hotom icrograph o f a deform ed m uscovite  
g ra in  w ith in  a pum ice fragm ent in  the  Bellehelen tu ff  
(polarized lig h t).
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F igure 17. H um m ocky topography o f the B ellehelen Canyon 
m egabreccia. M egabreccia b locks are o u tlin e d  in  w h ite .
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F igure 18. A C liffo rd  S pring  tu f f  m egabreceia b lo ck  (ou tlined  in  w hite) 
in  the  B ellehelen Canyon m egabreccia deposit. F igure 18a is  a photo 
o f the basal con tac t o f th is  block.
C liffo rd  S pring  b lock
Bellehelen tu f f  m a trix
F igure 18a. The con tac t (o u tlin e d  in  w h ite ) u n d e r a C liffo rd  S pring  tu ff 
m egabreccia b lo ck  and the  B ellehelen tu f f  m a trix .
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Figure 19. N ortheaste rn  B ellehelen ealdera w a ll w here s trike  and d ip  
o f fiam m e fo lia tio n  in  m egabreccia b locks re fle c t ro ta tio n  o f b locks 
d u rin g  collapse.
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F igure 20. M egabreceia b locks o f the  Cow C anyon tu f f  (o u tline d  in  
yellow ) in  a m a trix  o f the B ellehelen tu ff. M egabreccia hoodoos form ed 
because the B ellehelen tu ff is  less re s is ta n t to  w ea thering  th a n  the 
Cow Canyon capstones.
-  "
y .  ^  -
F igure 21. M egabreccia b lo ck  o f the  B ellehelen tu f f  in  a m a trix  o f the 
W arm  Springs tu ff.
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F igure 23. P hotom icrograph o f a plagioclase xenocryst 
w ith  a resorbed core in  a ba sa lt d ike  (cross po larized 
lig h t).
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CHAPTER 4
DISCUSSION OF CALDERA FORMATION 
Five C alderas
Five calderas were id e n tifie d  in  the  n o rth e rn  K aw ich Range based on 
cross c u ttin g  re la tio n sh ip s  in  the  fie ld , the  id e n tific a tio n  o f five d iffe re n t 
in tra e a ld e ra  tu ffs  each co n ta in in g  d is tin c tive  m egabreccia (C hapter 3), 
and 40Ar /  39Ar da ting . Table 2 is  a com parison c h a rt o f the  pé trograph ie  
d ifferences am ong the  in tra e a ld e ra  tu ffs . Table 3 com pares the  
s tra tig ra p h ie  re la tio n sh ip s  o f the  in tra e a ld e ra  tu ffs  based on m egabreceia 
deposits. A lte rn a tive  p o ss ib ilitie s  fo r the  p ro d u c tio n  o f the  ash-flow  tu f f  
s tra tig ra p h y  in  the  n o rth e rn  K aw ich Range are a sing le ealdera collapse 
o r a piecem eal collapse.
S ingle C aldera C ollapse 
G ardner et a l. (1980) and Best e t a l. (1995) proposed th a t a single 
ealdera produced the  tu f f  o f the  n o rth e rn  K aw ich Range. However, fie ld  
observations such as collapse breccias and c ro ss -cu ttin g  re la tion sh ips , 
ind ica te  m u ltip le  collapse events. For exam ple, one collapse is 
represented by the e ru p tio n  o f the  W arm  S prings tu f f  and the 
in co rp o ra tio n  o f m egabreccia b locks o f the  B ellehe len tu f f  w ith in  it.
38
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A second collapse is  represented by the  e ru p tio n  o f the  B ellehelen tu f f  
and the in co rp o ra tio n  o f m egabreccia b locks o f the Cow Canyon, Tobe 
S pring, and C liffo rd  S pring  tu ffs  w ith in  the  Bellehelen tu ff. A th ird  
collapse is  represented by in co rp o ra tio n  o f m esobreccia c lasts  in to  and 
the  e ru p tio n  o f the  Cow C anyon tu ff. F o u rth  and fifth  collapses are 
represented by the e ru p tio n  o f the  Tobe S pring  and C liffo rd  S pring  tu ffs  
as w e ll as the  in co rp o ra tio n  o f m egabreccia b locks o f u n id e n tifie d  tu ffs  
w ith in  the  tw o in tra e a ld e ra  tu ffs . C ro ss-cu ttin g  re la tio n sh ip s  also 
suggest m u ltip le  collapse events. For exam ple, the B ellehelen ealdera 
w a ll tru nca te s  the  Cow Canyon, Tobe S pring, and C liffo rd  S pring 
calderas. These fie ld  observations can no t be exp la ined by a single 
collapse event.
Piecem eal Collapse 
M u ltip le  collapse events can occu r d u rin g  a single e ru p tio n  and 
ealdera p rodu c ing  a piecem eal collapse (L ipm an, 1997). However, in  the 
K aw ich Range ^OAr /  ^9Ar d a tin g  supports  a t least tw o e ru p tio n s  w ith  one 
m illio n  years between them  (C hapter 5). In  a d d itio n , fie ld  observations 
suggest th a t a period  o f tim e  long enough to  w eld th ic k  in tra e a ld e ra  tu ff 
m u s t have elapsed between each o f the  five collapse events. For 
exam ple, the  Tobe S pring  and Cow C anyon tu ffs  ex is t as b locks o f welded 
tu f f  in  the  Bellehelen C anyon m egabreccia. In  a d d itio n , some o f the  
m egabreccia b locks show a lte ra tio n  w hen the  m a trix  does no t. For 
exam ple, m egabreceia b locks o f the  C liffo rd  S pring tu ff, in  the  B ellehelen
39
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Canyon m egabreccia deposit, have p y ro lu s ite  a lte ra tio n . P yro lusite  
a lte ra tio n  is  n o t fou nd  in  the  Bellehelen tu ff. T im e enough fo r a lte ra tio n  
o f the C liffo rd  S pring  tu f f  m u s t have passed before i t  was inco rpo ra ted , 
as m egabreceia b locks, in to  the  Bellehelen tu ff.
40
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Table 2. P étrographie D ifferences Between In trae a lde ra  T u ffs 
Based on v isu a l averages from  petrography.
T u ff Phenoerysts S anid ine Q uartz Plagioclase B io tite
W arm  S pring 20 % 40 % 3 0 % 10 % 5 %
Bellehelen 2 0 % 6 0 % 20 % 20 % -
Cow C anyon 35 % 50 % 20 % 15 % 15%
Tobe S pring 25 % 4 5 % 35 % 10 % 10 %
C liffo rd  S pring 25 % 5 5 % 25 % 10 % 10 %
Table 3. S tra tig ra p h ie  R e la tionsh ips based on m egabreceia.
T u ff B lock  in C on ta ins b locks o f '^ A r /  ^^Ar Age
W arm  S prings 
B ellehelen 
Cow C anyon 
Tobe S pring  
C liffo rd  S pring
W arm  S prings 
Bellehelen 
Bellehelen 
B ellehelen
B ellehelen 
C liffo rd , Tobe, Cow 
Tobe S pring 
u n id e n tifie d  tu ff 
u n id e n tifie d  tu ff
22 .87 + /-  0 .16 
22 .78 + /-  0 .07 
22.77 + /-  0 .07 
23.67 + /-  0.09
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CHAPTER 5
GEOCHRONOLOGY 
S ingle c rys ta l lase r fu s io n  analyses were used to ca lcu la te  40Ar/39Ar 
dates were fo r each o f the  five in tra ca ld e ra  tu ffs  and the  rh yo lite  d ike  
(Appendix A). A lth o u g h  a ll o f the  ^OAr/^^Ar dates are s ta tis tic a lly  va lid , 
o n ly  the Bellehelen tu f f  p rovided an isoch ron  age, w h ich  is  m ore 
accurate) and none o f the  sam ples provided a p la teau  age. T o ta l fu s io n  
ages were used fo r the  re s t o f the  sam ples.
In tra ca ld e ra  ash -flow  tu ffs
The 40Ar/39Ar dates la ck  the  p rec is ion  to  d is tin g u is h  the  order o f
e ru p tio n  am ong the  in tra ca ld e ra  tu ffs  o f the  n o rth e rn  K aw ich Range. In
a d d itio n , a m egabreccia b lo ck  in  the  W arm  S prings tu f f  was sam pled
instead o f the  W arm  S prings tu ff. N onetheless, fie ld  re la tio n s  were used
to  c la rify  the  o rder in  w h ich  the calderas erupted. The dates and th e ir
one sigm a e rro rs , as reported  from  the  Nevada Isotope G eochronology
Lab, are as fo llow s (F igure 24) (Appendix C):
C liffo rd  S pring  tu f f  23 .67 ± 0 .09 M a w td  m ean
W arm  S prings tu ff*  23 .59 ± 0 .07 M a w td  m ean
B ellehelen tu f f  22 .87 ± 0 .1 6  M a isoch ron  age
Cow C anyon tu f f  22 .78 ± 0 .07 M a w td  m ean
Tobe S pring  tu f f  22 .77 ± 0 .07 M a w td  m ean
* a m egabreccia b lock in  the  W arm  S prings tu f f
42
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40Ar/39Ar d a tin g  ind ica tes th a t the  C liffo rd  S pring  tu f f  is  the  o ldest o f the  
tu ffs . T h is  conclus ion  is  supported by the  fie ld  observation th a t the  w a ll 
o f the C liffo rd  S pring  ca ldera  and the  C liffo rd  S pring tu f f  are tru n ca te d  
by the younger Cow C anyon ca ldera  and Cow Canyon tu f f  (22.78 ± 0.07 
Ma) (C hapter 3) (Appendix C).
The W arm  S prings tu f f  was in co rre c tly  sam pled, and th u s  the 
40Ar/39Ar date o f 23 .59 ± 0 .07 M a (Appendix C) is  m islead ing . The 
sam ple co llected fo r geochronology was in  an area co n ta in in g  large 
m egabreccia b locks in  a m a trix  o f W arm  S prings tu ff. A lthou gh , every 
e ffo rt was m ade to  co llec t m a trix , the  sam ple was ob ta ined from  a 
m egabreccia b lock. A reexam ina tion  o f the  ou tcrop  ind ica tes  th a t the  
sam ple was collected from  a m egabreccia c la s t o f the  C liffo rd  S pring  tu ff. 
The W arm  S prings and C liffo rd  S pring  tu f f  ages are on ly  0 .08 M a apart. 
T h is  d ifference is  w e ll w ith in  the  e rro r (0.16 Ma) between the  tw o dates
The 40Ar/39Ar dates fo r Bellehelen, Cow C anyon, and Tobe S pring  
tu ffs  (Appendix C) are a n a ly tica lly  in d is tin g u ish a b le  because they have 
overlapp ing e rro r bars (F igure 24). However, fie ld  observations c la rify  the 
order in  w h ich  these tu ffs  e rup ted  (C hapter 3). The Tobe S pring  tu ff 
exists as m esobreccia b locks in  the  Cow C anyon tu ff. B o th  Tobe S pring 
tu f f  and Cow C anyon tu f f  in c lu s io n s  were found  in  the  Bellehelen tu ff. In  
a d d itio n  the  W arm  S prings tu f f  con ta ins  b locks o f the  Bellehelen tu ff.
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R hyo lite  D ike
The 40Ar/39Ar date reported fo r the  rh yo lite  d ike  is  20.68 ± 0.07 Ma 
(Appendix C). T h is  date is  cons is ten t w ith  fie ld  data. The in tru s io n  
appears to  be the  youngest vo lcan ic fea tu re  in  the area and cross-cu ts 
the  Cow C anyon and B ellehelen in tra ca ld e ra  tu ffs , a m egabreccia deposit 
w ith in  the  B ellehelen caldera, and the  w a ll o f the Bellehelen caldera.
D iscussion
G eochronology im p lie s  a m in im u m  o f tw o e ru p tio n  events. However, 
overw he lm ing fie ld  da ta  and pe trog raphy (C hapter 3) su p p o rt the 
existence o f five calderas. The com b ina tion  o f geochronology and fie ld  
da ta  p o in ts  to  the  in te rp re ta tio n  th a t the  fo rm a tio n  o f the  five calderas 
occurred w ith in  1.06 m illio n  years (the tim e  between the  o ldest possib le 
age fo r the  e ru p tio n  o f the  C liffo rd  S pring  tu f f  and the  youngest possib le 
age o f the  B ellehelen tu ff) and th a t th ree o f the  in tra ca ld e ra  tu ffs  
(Bellehelen, Tobe S pring, and Cow C anyon tu ffs ) e rup ted  w ith in  a 
330,000 year period  (the tim e  between the  o ldest possib le date fo r the 
Tobe S pring  and the  youngest possib le date o f the B ellehelen tu f f  
e rup tio n ). A lth ou g h  uncom m on, ra p id  em placem ent and collapse o f 
m u ltip le  calderas w ith in  a ca ldera  com plex have been reported 
elsewhere. For exam ple, fo u r calderas (Ute Creek, Lost Lake, San Ju a n - 
U ncom pahgre, and S ilve rton  calderas) e rup ted  between 28 .6  and 27.6 
M a (over one m illio n  years) in  the  San Ju a n  vo lcan ic fie ld  o f w estern 
C olorado (Bove e t a l., 1999).
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F igure 24. The ages and one sigm a u n ce rta in tie s  fo r the each o f the five in traca ld e ra  tu ffs  o f
the n o rth e rn  Kaw ich Range (Appendix C). The C liffo rd  S pring tu ff (23.67 ± 0.09), m egabreccia c las t in  
the  W arm  Springs tu ff  (23.59 ± 0.07), Bellehelen tu f f  (22.87 ± 0.16), Cow Canyon tu f f  (22.78 ± 0.07), and 
Tobe S pring  tu ff  (22.77 ± 0.07).
CHAPTER 6 
GEOCHEMISTRY
G eochem istiy  was conducted by ana lyz ing  w hole ro ck  sam ples o f each 
o f the five in tra ca ld e ra  tu ffs , the  rh yo lite  d ike  and its  associated basa ltic  
in tru s io n s , and C astle Rock rh yo lite  dome. Pum ice sam ples were 
analyzed fo r Cow Canyon, Tobe S pring, and Bellehelen tu ffs . Sam ples 
were analyzed by X -ra y  fluorescence spectrom etry a t the  UNLV Rock 
C hem istry  Labora to ry  and reca lcu la ted  LO I free. A ppend ix A describes 
the  techn iques used and A ppend ix D lis ts  the  re su lts  o f analyses fo r each 
sam ple as w e ll as m easurem ents o f p rec is ion  and accuracy.
A sh -flow  T u ffs
Based on w hole ro ck  analyses. S ilica  (SiOg) con ten t ranges from  68.30 
% (Tobe S pring  tu ff) to  78 .52 % (Cow C anyon tu ff) (A ppendix D). H arke r 
d iagram s show  the  ranges fo r A I2O3 , TiOg, FezOs, MgO, NagO, K2 O, MnO 
and CaO (F igure 28 and A ppend ix D). V a ria tio n s  between trace elem ent 
concen tra tions o f the  five tu ffs  are m in u te , as is  evident on elem ent 
d is tr ib u tio n  d iagram s (F igure 25) (Appendix).
In  order to  fu rth e r investiga te  chem ica l va ria tio n , p lo ts  o f the  o rder o f 
e ru p tio n  versus each o f the  m a jo r and trace elem ents were constructed
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(Appendix D). The o n ly  s ig n ifica n t p a tte rn  to  emerge was the  negative 
co rre la tio n  between SiOa and A I2O3 (F igure 26). P atte rns in  trace 
e lem ent va ria tio n s  were also considered by p lo ttin g  each o f the  trace 
elem ents versus o rder o f e ru p tio n . These p lo ts  show tw o periods o f 
increas ing  Sr, Ba, and Rb (F igure 27), th a t corre la te  w ith  incre as ing  SiOg 
and decreasing A I2 O3 and Na20 (F igure 26).
The five in tra ca ld e ra  tu ffs  o f the  n o rth e rn  K aw ich Range were also 
com pared to  the  Pahranagat F o rm a tion  (F igure 28). A ccord ing to  Best e t 
a l. (1995), the  P ahranagat F o rm a tion  is  a sing le coo ling u n it th a t e rup ted  
from  the  “K aw ich C aldera.” F igure 29, an elem ent d is tr ib u tio n  diagram , 
com pares the  tu ffs  o f the  n o rth e rn  K aw ich Range, Pahranagat 
F o rm ation , and the  P yram id S prings tu f f  trace elem ents d is trib u tio n s .
In tru s io n s
The in tru s iv e  rocks in  the  n o rth e rn  K aw ich Range fa ll in to  tw o 
categories: m a fic  and fe ls ic . The rh yo lite  d ike  and C astle Rock dome are 
b o th  rh y o litic  w ith  h ig h  s ilica  con ten ts (72.60 % and 77 .83  % 
respectively) (Appendix D). The ba sa ltic  d ikes are andésite to  basa ltic  
trachy-andesite  on a S ilica  versus A lka lie s  d iagram  (Le Bas e t a l., 1986) 
(F igure 30). B o th  d ikes are su b a lka lin e  and ca lc -a lka lin e  (F igure 30).
D iscussion
C hem ical da ta  in d ica te  th a t the  five in tra ca ld e ra  tu ffs  o f the  n o rth e rn  
K aw ich Range are cogenetic. V a ria tio n s  in  geochem istry are the  re s u lt o f
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m etasom atism  and d e v itrific a tio n  o f pum ice and n o t d iffe re n t 
petrogenetic h is to ries .
The sim ple conclus ion  fro m  the  p lo t o f SiOg versus o rder o f e ru p tio n  
(F igure 26) is  th a t the  m agm a u n de rw en t tw o periods o f m a fic  recharge, 
decreasing w e igh t pe rcen t SiOa con ten t before the e ru p tio n  o f the  Tobe 
S pring and Bellehelen tu ffs , and tw o periods o f fra c tio n a tio n , increasing  
the  w eigh t pe rcen t SiOg before the  e ru p tio n  o f the Cow C anyon and 
W arm  S prings tu ffs . However, n e ith e r m afic  in p u t n o r fra c tio n a tio n  is  
supported by the  trace elem ent data. For exam ple, Ba and Rb increase 
before the  Tobe S pring  and B ellehelen tu f f  e rupted and decrease before 
the e ru p tio n  o f the  Cow C anyon and W arm  S prings tu ffs  (F igure 27).
T h is  is opposite to  the  expected behavior o f Rb and Ba. Rb and Ba are 
m oderate ly inco m pa tib le  and shou ld  increase w ith  increas ing  SiOg. 
Therefore, m afic recharge and fra c tio n a tio n  cou ld  n o t have produced 
these pa tte rns.
A lte rn a tive ly , the  va ria tio n s  in  the  in tra ca ld e ra  tu f f  geochem istiy  can 
be exp la ined by secondary a lte ra tio n . The co rre la tio n  between increasing  
K, Rb, and Sr, w ith  decreasing Na (F igures 26 and 27) can be exp la ined 
by P otassium  m etasom atism . In  a d d itio n , d e v itrific a tio n  has replaced 
the  pum ice w ith  very fine -g ra ined  fe ldspar and quartz. T h is  is  
sub s ta n tia te d  by the chem ica l da ta  fo r pum ice. Separate analyses were 
done fo r pum ice and fo r w hole ro ck  m a jo r e lem ent geochem istry o f the 
Cow C anyon tu ff. The pum ice analyses reported SiOg o f 58 .46 w t. % and
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AlgOs o f 30 .07  w t. % (Appendix D). In  co n tra s t the w hole ro ck  analyses 
reported SiOg as 78.52 w t. % and AlgOa as 12.32 w t. % (Appendix D), 
w h ich  are m ore re a lis tic  va lues fo r a rh y o litic  ash-flow  tu ff. Average 
rh yo lite  has a SiOg con ten t o f 72 .8  w t. % and AlgOa o f 13.3 w t. % (Le 
M a itre , 1976). T hus, pum ice analyses re fle c t the replacem ent o f the 
pum ice w ith  fine -g ra ined  to  c iy p to c iy s ta llin e  fe ldspar and q u a rtz  due to 
d e v itrific a tio n  and po tass ium  m etasom atism  and n o t the  o rig in a l 
com position . In  th is  case, w hole ro ck  analyses are a m ore re lia b le  
in d ic a to r o f ro ck  com positions th a n  are pum ice analyses. F igure 30 
dem onstra tes th is  by p lo ttin g  pum ice analyses o f the  B ellehelen and Cow 
Canyon tu f f  as w e ll as w hole ro ck  sam ples fo r a ll five o f the  in tra ca ld e ra  
tu ffs .
Thus, w hole ro ck  analyses were used ra th e r th a n  pum ice analyses to 
exam ine the  petrogenesis o f the  n o rth e rn  K aw ich tu ffs . A lth o u g h  every 
e ffo rt was m ade to  rem ove pum ice and lith ic  fragm ents from  sam ples 
used fo r chem ica l analyses sm a ll pum ice in c lu s io n s  rem ained and a ffect 
the  geochem ical data. P atte rns o f increas ing  K (F igure 26) re flec t the 
co n ta m in a tio n  o f the  w hole ro ck  sam ples w ith  a lte red pum ice. Sam ples 
w ith  increased K (Tobe S pring  and Bellehelen tu ff) have m ore a lte red 
pum ice th a n  the  o th e r in tra ca ld e ra  tu f f  sam ples. T hus, i t  is  the  increase 
in  con tam in a tion , due to  a lte red pum ice, th a t is  d riv in g  the  increases in  
K, n o t a petrogenetic event. F igure 31 shows m ix in g  curves between the 
pum ice sam ples and th e ir respective w hole ro ck  sam ples on a SiOg
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versus A I2 O3 p lo t. The p o s itio n  o f the  Tobe S pring  w hole ro ck  sam ple on 
th is  p lo t, between the  c lu s te r o f w hole ro ck  sam ples and the  pum ice 
sam ples, dem onstra tes the  in flu ence  o f a lte red  pum ice con tam in a tion . 
U sing the  m ix in g  lines , i t  is  lik e ly  th a t the  Tobe S pring  tu f f  sam ple has a 
large percentage (40 to  70 %) o f a lte red pum ice co n tam in a tion . As is  
evident in  F igure 25, the  trace  elem ent s igna tu re  o f the  Tobe S pring  
w hole ro ck  sam ple was unaffected by the  a lte red pum ice co n tam in a tion . 
T h is  s igna tu re  is  ne a rly  id e n tica l to  the  w hole rock sam ples w ith  less 
co n tam in a tion . W arm  S prings, Bellehelen, Cow Canyon, and C liffo rd  
S pring tu f f  sam ples. These observations suggest th a t the  d e v itrific a tio n  
process does n o t s ig n ific a n tly  a ffect the  trace elem ent abundances.
W hen co llec tin g  sam ples fo r geochem istry, a lte ra tio n  was taken  in to  
considera tion . However, the  n o rth e rn  K aw ich Range has undergone 
considerable a lte ra tio n , th ro u g h  d e v itrific a tio n  and m etasom atism . I t  
was, therefore , so d iffic u lt to  fin d  sam ples free o f a lte ra tio n  th a t on ly  one 
sam ple o f each tu f f  w as analyzed fo r chem istry .
G eochem ical da ta  was also used to  determ ine if  the  in tru s io n s  are 
re la ted to  the  in tra ca ld e ra  tu ffs . Do the  in tru s io n s  represent ca ldera 
resurgence? T h is  question  was answered by com paring the  trace 
elem ent da ta  fo r in tru s io n s  to  the  elem ent d is tr ib u tio n  d iagram  used fo r 
the  in tra ca ld e ra  tu ffs  (F igure 25). The C astle Rock rh yo lite  dome has a 
s im ila r trace elem ent s igna tu re  to  the  five in tra ca ld e ra  tu ffs  and th u s , 
m ay be cogenetic w ith  the  tu ffs  and be re la ted  to  resurgence event.
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However, the  rh yo lite  d ike  and the  b a sa ltic  in tru s io n s  do n o t have s im ila r 
trace elem ent s igna tu res as the  in tra ca ld e ra  tu ffs . F u rthe rm ore , 
pe tro log ic m odeling  fa ile d  to  lin k  the  tu ffs  and d ikes th ro u g h  fra c tio n a l 
c rys ta lliza tio n , m ix ing , o r a ss im ila tio n  fra c tio n a l c rys ta lliza tio n . Nor 
cou ld  a com agm atic lin k  be fou nd  between the  rh yo lite  and ba sa ltic  
dikes. However, trace elem ents show  id e n tica l trends fo r the  tw o basa lt 
d ikes suggesting th a t the  tw o ba sa ltic  d ikes are com agm atic (F igure 25) 
Correlation lu ith  regional tu ffs
The P ahranagat F o rm ation , as described by Best e t a l. (1995), is  a 
single coo ling  u n it w ith  geochem ical va ria tio n s  due to  com positiona l 
zoning. The ash -flow  sheet shows s trong  tre nds in  v a ria tio n  o f A I2O3 , 
FegOs, CaO, and TiOa (C hris tiansen , u n p u b lish e d  data). F igure 28 shows 
these tre n d s  and the  close co rre la tio n  between the P ahranagat F o rm ation  
and the  in tra ca ld e ra  tu ffs  o f the  n o rth e rn  K aw ich Range. T h is  
co rre la tio n  is  strengthened w hen the effects o f m etasom atism  are 
rem oved fro m  the  Tobe S pring  tu f f  by u s in g  the  m ix in g  tie  lin e s  in  F igure 
30 to  com pensate fo r 40 to  70 % a lte red  pum ice con tam in a tion . For 
exam ple, w hen the  SiOg co n te n t is  corrected fo r pum ice co n ta m in a tio n  
the  TiOg w t % approaches the values o f the  o th e r fo u r n o rth e rn  K aw ich 
Range tu ffs . The same effect re su lts  fo r NagO, FegOs, MgO, CaO, and 
P2 O5 . T h is  effect is  even m ore conv inc ing  fo r AlgOs, and KgO. W hen 
a lte ra tio n  o f pum ice is  rem oved, A I2 O3 , and KgO bo th  decrease and SiOg 
increases, b rin g in g  these values onto the  P ahranagat trends. In
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conclusion , w hen the  affects o f m etasom atism  are rem oved, the  five 
in tra ca ld e ra  tu ffs  o f the  n o rth e rn  K aw ich Range show close geochem ical 
s im ila ritie s  to  the  Pahranagat F o rm a tion  (F igure 29). Therefore the 
P ahranagat F o rm a tion  corre la tes w ith  the  tu ffs  o f the  n o rth e rn  K aw ich 
Range.
The P yram id S pring  tu f f  e rup ted  22 .89 ± 0 .15 m illio n  years ago in  the 
S ou thern  Reveille Range (M cKelvey, 2005). T h is  date is  w ith in  the  range 
o f dates fo r the  tu ffs  o f the  K aw ich Range (between 23 .67 ± 0.09 and 
22 .77 + 0.07 Ma) and near the  date o f the  P ahranagat F o rm a tion  (22.639 
± 0.009 Ma). Trace elem ents o f the  P yram id S pring tu f f  are also very 
s im ila r to  the  K aw ich Range tu ffs  and the  P ahranagat F o rm a tion  (F igures 
29). Taken together, the  s im ila r ages and s im ila r ch e m is tiy  suggest th a t 
the  tu ffs  o f the  n o rth e rn  K aw ich Range, the  P ahranagat F o rm ation , and 
the  P yram id S prings tu f f  are pe trogenetica lly  re la ted.
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F igure  25. Trace elem ents o f tu ffs  (a) an d  in tru s io n s  (b) p lo tte d  on 
ch o n d rite  no rm a lize d  sp id e r d iagram s. C h o n d rite  va lues fro m  S un 
(1980).
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F igure 26. Changes in  SiOg, NagO, KgO, and A lgO g th rough  tim e as reflected in  va ria tio n s  in  tu ff 
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Figure 28. H arke r d iagram s fo r the P ahranagat F o rm ation  w ith  
che m is try  o f the  five in tra ca ld e ra  tu ffs  o f the n o rth e rn  K aw ich Range. 
A rrow s show  the  effect o f com pensating fo r m etasom atism  on the Tobe 
S pring  tu ff. Pahranagat F o rm ation  da ta  courtesy o f E ric  H. C h ris tia nsen  
(2005).
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Figure 29. C om parison o f the  n o rth e rn  Kaw ich Range tu ffs  to  the 
Pyram id S pring  tu f f  (a) and the  P ahranagat F o rm ation  b) on elem ent 
d is tr ib u tio n  d iagram s. C hondrite  va lues fro m  S un (1980). 
P ahranagat F o rm a tion  da ta  cou rtesy o f E .H . C h ris tia nsen  (2005). 
Pyram id S pring  tu f f  da ta  courtesy o f M . M cKelvey (2005).
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F igure  30. U sing  th e  A lka lie s  ve rsus S ilica  c la ss ifica tio n  schem e (Le 
Bas e t a l., 1986), the  "basa lt" d ikes (green tria n g le s  and  b lu e  square) 
fa ll in to  th e  an dés ite / b a sa ltic  tra ch y -a n d e s ite  fie ld s  (a). The "basa lt" 
d ikes are s u b a lka lin e  and  ca lc -a lka lin e  u s in g  the  AFM  d ia g ra m  (b) 
and the  a lka lie s  vs. S ilica  d ia g ra m  (c).
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analyzed for the Tobe Spring tuff. From mixing lines for the Bellehelen and Cow Canyon tuffs it can be 
estimated that the Tobe Spring tuff sample contains between 40 and 70 % pumice. To compensate for 
this contamination AI2 O3  is decreased to ~ 12 wt. % and Si02 is increased to ~ 75 wt. %. Arrows 
demonstrate the effect of removing metasomatism.
CHAPTER 7
REGIONAL IMPLICATIONS 
R obust fie ld  and pé trograph ie  da ta  su p p o rt the existence o f five 
calderas in  the  n o rth e rn  K aw ich Range (see C hapter 3) and 
geochronologic da ta  su p p o rt a t least tw o periods o f vo lcan ism  (see 
C hapter 5). In  co n tra s t, geochem ical da ta  suggest th a t the  five 
in tra ca ld e ra  ash -flow  tu ffs  are cogenetic (see C hapter 6). A lth o u gh  the 
geochem ical evidence does n o t appear to  be com patib le  w ith  fie ld  
observations, a ll o f the  da ta  taken  toge ther suggest a u n ique  pe tro log ic 
h is to ry . Based on fie ld , pé trograph ie , ^OAr /  3^Ar and geochem ical da ta  
the  fo llo w in g  m odel is  suggested.
Over a tim e  period  o f 1.06 m illio n  years, the  five in tra ca ld e ra  tu ffs  o f 
the  n o rth e rn  K aw ich Range e rup ted  from  several m agm a cham bers w ith  
s im ila r chem is try . T h is  m agm atism  re su lted  from  a surge o f heat in to  
the  c ru s t d u rin g  the ig n im b rite  fla re -u p  causing large scale p a rtia l 
m e ltin g  o f the  c ru s t (greater th a n  50 %) p rodu c ing  a hom ogeneous m e lt 
(F igure 33a). One o f the  m odels proposed fo r add ing heat to  the  c ru s t 
d u rin g  the  ig n im b rite  fla re  u p  is  the  b u ck lin g  o r ro ll back o f the  detached 
F a ra llon  S lab a llow in g  u p w e llin g  o f asthenosphere to  heat the  litho sphe re
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(H um phreys, 1995) a llow ing  u p w e llin g  o f asthenosphere to  heat the 
litho sphe re  (H um phreys, 1995). F igure 32 dem onstra tes how  sm a ll 
degrees (1 - 5 %) o f p a rtia l m e ltin g  create large d ive rs ities  in  ch e m is tiy  
(because d iffe re n t elem ents have d iffe re n t d is tr ib u tio n  coefficients) b u t 
large degrees (greater th a n  50%) o f p a rtia l m e ltin g  create batches o f 
m agm a w ith  very s im ila r ch e m is tiy  despite the  d iffe re n t d is tr ib u tio n  
coeffic ien ts o r d iffe re n t litho lo g ies  o f the  source rock. C hem ical 
va ria tio n s  between tw o elem ents, w ith  d is tr ib u tio n  coeffic ien ts o f 0.01 
and 0.5 , are tw o orders o f m agn itude  sm a lle r a t 50 % th a n  a t 1 % p a rtia l 
m e ltin g  (Shaw, 1970).
The p a rtia l m e lt rose q u ic k ly  th ro u g h  the  c ru s t because o f the  size 
and h igh  hea t re la tive  to  the  c ru s t. The m e lts accum ula ted in  the 
sha llow  c ru s t as a pancake shaped m agm a cham ber (H am ilton  and 
M yers, 1967) (F igure 33b). Each e ru p tio n  in  the  Kaw ich Range tapped 
one o f these cogenetic m agm a cham bers re s u ltin g  in  chem ica lly  s im ila r 
tu ffs  (F igure 33c). The P ahranagat F o rm a tion  (22.639 ± 0 .009 Ma) (Best 
e t a l., 1995) and the  P yram id S pring  tu f f  (22.89 ± 0 .15 Ma) (M cKelvey, 
2005) have s im ila r che m is try  (C hapter 6) and age (C hapter 5) to  the  tu ffs  
o f the n o rth e rn  K aw ich Range, suggesting th a t a ve iy  large volum e o f 
chem ica lly  s im ila r tu ffs  e rup ted  a t ab ou t the  same tim e  (w ith in  1.06 
M .y.).
S hort periods o f quiescence between e ru p tio n s  provided tim e  fo r each 
o f the tu ffs  o f the  n o rth e rn  K aw ich Range to  w eld before being
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inco rpo ra ted  in to  the  n e x t collapse event as m egabreccia b locks.
The e ru p tio n  o f a large volum e o f m agm a also resu lted  in  the  tra n s fe r 
o f a large a m oun t o f hea t fro m  the  c ru s t in to  the  atm osphere (F igure 33). 
T h is  event m ay have cooled the  c ru s t to  suppress the  ig n im b rite  fla re -u p  
in  the G reat B asin  (F igure 34). The n e x t ca ldera e ru p tio n  in  th is  area d id  
n o t occur fo r ano ther five m illio n  years.
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F igure 32. P a rtia l m a lt curves fo r d is tr ib u tio n  coeffic ients (Dq) 0 .01, 0.1, and 0.5. The change in  the 
con cen tra tio n  o f an elem ent (C l/Co) approach 1 w ith  increased am ounts o f m e lt (F) fo r a ll d is tr ib u tio n  
coe ffic ients. C l is  the concentra tion  o f an elem ent in  the evolved liq u id  and Co is the concen tra tion  in  the 
source and F is  the percentage o f m e lt. The curves assum e ba tch  m e ltin g  us in g  the p a rtia l m e lting  
equation  o f Shaw (1970).
Atmosphere
Mantle
F igure 33a. Because the  F a ra llon  S lab is  pealed away fro m  the  base o f 
the lithosphe re , a heat surge causes greate r th a n  50 % p a rtia l m e lting . 
The batches o f m e lt begin to  rise.
Atmosphere
Crust
heat
Mantle
Reduced 
heat inputHeat
Budget
Figure 33b. The m e lt rises and coalesces in to  large m agm a cham bers 
tra n s fe rin g  heat fro m  the  base o f the  litho sphe re  to  sha llow  depths.
heat heat Atmosphere
Crust
Mantle
Reduced 
heat inputHeat
Budget
F igure 33c. Coalescing m agm a cham bers remove hea t from  the 
litho sphe re  to  the  atm osphere by e ru p tin g  ash-flow  tu ffs  from  large 
calderas.
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F igure 34. The num ber o f ca ldera e rup tio ns in  cen tra l Nevada versus age. The num ber o f caldera 
e rup tio ns  d ra m a tica lly  decreases a fte r the fo rm ation  o f calderas in  the no rth e rn  Kaw ich Range, the Pyram id 
S pring caldera, and the Pahranagat ash-flow  sheet. Curve ca lcu la ted from  ages com piled on Table 1.
CHAPTER 8
SUMMARY AND CONCLUSIONS
Five in tra ca ld e ra  tu ffs  e rup ted  fro m  five calderas in  the  n o rth e rn  
Kaw ich Range between 23.67 ± 0.09 and 22 .77 ± 0 .07 Ma. From  o ldest 
to  youngest these are the  C liffo rd  S pring, Tobe S pring, Cow Canyon, 
Bellehelen, and W arm  S prings calderas. F ie ld  and pé trograph ie  
observations dem onstra te  th a t these calderas represent d iffe re n t 
e ru p tio n s  and are n o t the  p ro d u c t o f a sing le ca ldera w ith  a piecem eal 
collapse. G eochronology and geochem istry lead to the  in te rp re ta tio n  th a t 
the  five calderas e rup ted  chem ica lly  s im ila r tu ffs  over a very sh o rt (1.06 
Ma) tim e period.
F ie ld  observations, in c lu d in g  collapse breccias, were used to  id e n tify  
each o f the  five calderas and th e ir re la ted  in tra ca ld e ra  tu ffs  (C hapter 3). 
Five collapse breccias each in  a d iffe re n t ho st tu f f  were id e n tifie d  in  the  
n o rth e rn  K aw ich Range.
40Ar /  39Ar da ta  (C hapter 5) con s tra in s  the  absolute  tim in g  o f the 
e ru p tio n  o f in tra ca ld e ra  tu ffs  in  the  n o rth e rn  K aw ich Range to  between 
23.67 ± 0.09 M a and 22.77. ± 0 .07 Ma. Because the  e ru p tio n s  were 
closer th a n  the re so lu tio n  o f ^^Ar /  ^SAr da ting , the o rder o f e ru p tio n  o f
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the  tu ffs  was de term ined from  fie ld  re la tion s.
In  a d d itio n , the  five tu ffs  o f the n o rth e rn  K aw ich Range as w e ll as the 
P yram id S pring  tu f f  o f the  sou the rn  Reveille Range and the Pahranagat 
F o rm ation  a ll e rup ted  chem ica lly  s im ila r ash-flow  tu ffs  (C hapter 6) over a 
re la tive ly  sh o rt pe riod  o f tim e  from  23 .67 ± 0.09 to 22.639 ± 0.009 Ma 
(Best e t a l. 1995). The e ru p tio n  o f a t least seven ash-flow  tu ffs  was a 
m a jo r episode o f c ru s ta l reo rgan iza tion  d u rin g  the T e rtia ry  Ig n im b rite  
F la re -up  in  the n o rth e rn  B asin  and Range. H igh heat flow  m elted large 
percentages o f the  low er c ru s t (50 % o r greater p a rtia l m elt). The m e lt 
coalesced and accum ula ted  as m agm a cham bers, tra n s fe rrin g  hea t to  the 
sha llow  c ru s t (H am ilton  and M yers, 1967). The heat was then  
tra ns fe rred  to  the  atm osphere th ro u g h  ca ldera style vo lcan ism . The 
release o f hea t fro m  the  litho sphe re  re frige ra ted  the  c ru s t suppressing 
fu rth e r m agm atism .
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APPENDIX A
ANALYTICAL TECHNIQUES
F orty  s ix  sam ples were collected d u rin g  fie ld  w o rk  fo r in it ia l 
id e n tific a tio n  and com parison w ith  each o th e r as w e ll as descrip tions 
fro m  prev ious w o rk  in  the  n o rth e rn  K aw ich Range and the  sou the rn  
Reveille Range.
S ix sam ples were used fo r ^OAr /  ^9Ar da ting . Five o f these sam ples 
represent the  five in tra ca ld e ra  tu ffs ; the  s ix th  sam ple represents the 
rh yo lite  in tru s io n . N ine sam ples were used in  geochem ical analyses. 
Pum ice from  five o f the  sam ples, one from  each in tra ca ld e ra  tu ffs , was 
analyzed fo r m a jo r, m in o r, and trace elem ents u s in g  X -ra y  Fluorescence 
spe ctrom etiy . W hole ro ck  analyses were conducted on the  rem a in ing  
fo u r sam ples, one fro m  each o f the th ree m a jo r in tru s io n s . Fourteen 
sam ples were used fo r pé trograph ie  analyses. The re m a in in g  eighteen 
sam ples were used fo r hand-sam ple  id e n tific a tio n  and com parison 
between s im ila r tu f f  u n its .
A ll sam ples were collected d u rin g  fie ld  w o rk  by b reaking  
approx im ate ly  1.5 lite rs  o f ro ck  fro m  ou tcrop . W eathered surfaces were 
rem oved from  each sam ple. Sam ples were im m ed ia te ly  placed in to
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resealable p la s tic  bags a fte r rem oval fro m  the  ou tcrop  in  o rder to 
m in im ize  co n ta m in a tio n  d u rin g  tra n sp o rt. C are fu l ju d g m e n t was used to 
co llect sam ples as free o f a lte ra tio n  as possible. T h is  was a d iffic u lt ta sk  
given the  am oun t o f h yd ro th e rm a l a lte ra tio n  w ith in  the  Kaw ich Range.
Petrographv
To prepare th in  sections, b ille ts  were c u t from  fou rteen  hand sam ples 
u s in g  a large w ater-saw  and sm a lle r trim -sa w . The b ille ts  were sen t to 
Q u a lity  T h in  Sections w here they were m ounted and po lished to  30 pm , 
e igh t w ith  cover s lip s  and seven were po lished to  be used w ith  a 
m icroprobe. F in ished  th in  sections were analyzed u s in g  a N ikon  
pé trograph ie  m icroscope fo r com position  and te x tu re  (C hapter 4 and 
A ppend ix B). Percentages quoted in  A ppend ix B are v isu a l estim ates.
G eochem istrv
G eochem ical analyses, w hole ro ck  and pum ice, were conducted u s in g  
a P AN alytica l Axios W avelength D ispersive X -ra y  Fluorescence 
S pectrom eter a t the  UNLV Rock C hem istry  Laborato ry. W eight percent 
lo s t on ig n itio n  was ca lcu la ted  fo r each sam ple. Sam ples were analyzed 
fo r m a jo r elem ents by u s in g  a 1.00 gram  Fusion  d isk . M in o r and trace 
elem ents were analyzed u s in g  a 13.00 gram  pressed pe lle t. W hole ro ck 
and pum ice sam ples were prepared fo r ana lys is in  a s lig h tly  d iffe re n t 
ways.
A pprox im a te ly  h a lf o f each sam ple used in  w hole ro ck  ana lys is  was 
broken in to  app rox im a te ly  five m illim e te r d iam ete r pieces u s in g  a B ra u n
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“ ch ip m u n k ” . W hole rock  samples were then  crushed in to  a powder us ing  
a Bico “ sha tte r box” and sieved to < 300 pm . The collected powder was 
then prepared in to  a fus ion  d isk  and pressed pellet.
Pumice was extracted from  each pum ice sample us in g  a variab le 
speed Drem el too l a t low  revo lu tions per m inu te . The collected powder 
was fu r th e r crushed in to  a fine powder us ing  an agate m o rta r and pestle. 
A  fus ion  d is k  and pressed pe lle t was then  prepared from  the collected 
powder.
W eight percent loss on ig n itio n  (LOI) was then ca lcu la ted from  each 
powdered sample, whole rock  and pum ice. The powdered sam ple was 
m easured and placed in to  a carbon cruc ib le  and heated to  950°F fo r 1 
hour. The sam ples were m easured again and the loss on ig n itio n  was 
ca lcu la ted us ing  the fo llow ing fo rm u la .
LOI = 100 X  [(B-C) /  (B-A)]
A is the m easured w eigh t o f the em pty cruc ib le  before heating. B is 
the m easured w eigh t o f the cruc ib le  and sam ple before heating. C is  the 
m easured w e igh t o f the  cruc ib le  and sam ple a fte r heating.
Fusion d isks, were created in -o rde r-to  analyze m a jo r element 
concentra tions o f bo th  pum ice and whole rock  powdered samples. Th is 
was done by com bin ing  1.000 gram s o f sample (after LOI ca lcu la tion) 
and 6.000 gram s o f 50% L ith iu m  te trabora te and 50% L ith iu m  
M etaborate f lu x  in to  a carbon cruc ib le  and heating  in  a Therm olyne oven 
to m elting. The samples were heated to  approx im ate ly  1050°F fo r th ir ty
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m inu tes and w ell m ixed a t ten  m in u te  in te rva ls. D isks were ch illed  and 
the n  annealed a t 1050°F fo r five m inu tes. D isks were then  analyzed 
us ing  the PANalytical Axios W avelength D ispersive X -ra y  fluorescence 
Spectrometer.
Pressed pelle ts were used in  m in o r and trace elem ent concentra tion  
analyses. Pressed pelle ts were created by com bin ing twelve gram s o f a 
m ix tu re  o f 80% sample and 20% b inder in to  a p lastic  via l. The b inde r is 
composed o f a powdered w ax and is used to ho ld  the pressed pe lle t 
together. The com bined powder was then  tho rough ly  m ixed by add ing a 
glass ba ll bearing to the v ia l and shaking  the con ta ine r in  a pneum atic  
shaker fo r five m inu tes. Several tim es d u rin g  shaking  the v ia l was 
inspected fo r residue adhering to the sides o f the conta iner. A fte r 
shak ing  the  m ixed powder was extracted from  the v ia l and placed in to  a 
pe lle t m o ld  assembly. The m old  assem bly was placed in  a h yd rau lic  
press a t approx im ate ly  20,000 psi. A fte r approx im ate ly  ten  to fifteen 
m inu tes  the pressure was slow ly released from  the m old. The pressed 
pe lle t was then  removed from  the m o ld  assembly. F ina lly , the ana ly tica l 
surface was cleaned w ith  a sm a ll b u rs t o f a ir  before analysis in  the 
PANalytical Axios W avelength D ispersive X -ray  fluorescence 
Spectrom eter a t the UNLV Rock C hem istry  Laboratory.
Geochronologv
Geochronology o f the calderas was determ ined by analyzing each o f 
the five in traca lde ra  tu ffs . A pprox im ate ly  h a lf  o f each sample was
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broken in to  approx im ate ly  5m m  diam eter pieces us ing  a B ra u n  
“ch ip m u n k ” and crushed in to  sand sized partic les us ing  a Bico 
“pu lverizer” . The sam ples were then  sieved to  between 800 and 600pm . 
In d iv id u a l sanadine crysta ls  were p icked o u t by us in g  fine tipped forceps 
and a b in ocu la r m icroscope. Sanid ine crysta ls  were chosen based on 
c rys ta l shape, lack  o f c loudiness, chatoyancy, and lack  o f m a tr ix  residue. 
Sanid ine were then  washed w ith  hyd ro flu o ric  acid fo r five m inu tes  in  an 
u ltra so n ic  ba th  and rinsed w ith  acetone to remove any res idua l glass 
m a trix . ^o^r/^^A r o f Sanid ine crysta ls  was then  analyzed by laser fus ion  
analysis a t the Nevada Isotope Geochronology Laboratory a t the 
U n ive rs ity  o f Nevada, Las Vegas.
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Clifford Spring tu ff (sample CFMBX): vitric rhyolite tu ff
CO
Matrix 60 % Devitrified, hypocrystalline, porphyritic, eutaxitic.
Phenocrysts 25 %
Lithic fragments <1 %
Pumice 15 % As fiamme.
Phenociysts % Size (diameter) Shape Comments:
Sanidine 55 % < 2.3 mm anhedral
Quartz 25 % < 2.6 mm anhedral Some grains with pig. inclusions.
Plagioclase 10% < 0.75 mm euhedral Re-absorbed centers.
Biotite 10% < 0.1 X  0.55 mm euhedral Some with Fe - oxide rims and halos.
Secondary minerals % Size (diameter) Shape Comments:
Pyrolusite 5 % < 0.75 mm dendritic
Fe - oxides < 1 % < 0.05 mm anhedral As halos.
Tobe Spring tu ff  (sample 26-1): vitric rhyolite tu ff
Matrix 45 % Devitrified, hypociystalline, porphyritic, eutaxitic.
Phenociysts 25 %
Lithic fragments 10 % Angular.
Pumice 2 0 % Clast shape is angular to fiamme.
Phenociysts % Size (diameter) Shape Comments:
Sanidine 4 5 % < 1 .2  mm anhedral Simple twinning.
Quartz 3 5 % 0.1 to 0.6 mm subhedral With inclusions of Fe - oxides.
Plagiocalse 10 % 1 to 1.25 mm euhedral Some are zoned and some have absorbtion textures.
Biotite 10 % <0.1  mm euhedral
Secondary minerals % Size (diameter) Shape Comments:
Fe - oxides < 1 % < 0.4 mm anhedral With Halos of Fe - oxide stainning.
Quartz < 1 % 0.1 mm mosic Devitrification of glassy matrix into a mosaic.
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Bellehelen tu ff (sample 23-19): vitric rhyolite tu ff
Matrix 
Phenocrysts 
Lithic fragments 
Pumice
50%  
20 % 
<5 % 
25 %
Devitrified, hypociystalline, porphyritic, eutaxitic 
Angular, less than 5 mm in diameter.
Clast shape is angular to fiamme, occur as two separate pumice types.
Phenociysts
Sanidine
Quartz
Muscovite
% 
60 % 
20 % 
5 %
Size (diameter) Shape Comments:
0.5 to 2 mm subhedral
0.2 to 0.5 mm anhedral Thick thin section, causing yellow birefringence. 
0.1 to 0.5 mm anhedral Warped and re-absorbed xenociysts.
Secondaiy minerals 
Quartz spherulites 
allunite
%
5 %
10%
Size (diameter) Shape Comments:
0 .1m m  radial Devitrification of glassy matrix. 
0.1 mm euhedral Accessory mineral.
Cow Canyon tu ff (sample 26-1): vitric rhyolite tu ff
Matrix 
Phenocrysts 
Lithic fragments 
Pumice
60 % 
3 5 %  
< 1 %
25 %
Hypocrystalline, porphyritic, eutaxitic. 
As fiamme.
Phenociysts
Sanidine
Quartz
Plagiocalse
Biotite
%
5 0%
2 0%  
15%  
15 %
Size (diameter) Shape Comments:
0.1 to 2.6 mm euhedral 
0.5 mm subhedral
< 1 .0  mm euhedral Some grains with re-absorbed centers. 
0.5 X  1.25 mm euhedral
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Rhyolite D ike (sample 2 7  - 31): Rhyolite
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M atrix 80% hypociystalline, porphyritic.
Phenociysts 2 0 %
Lithic fragm ents <1 %
Phenociysts % Size (diameter) Shape Com m ents:
Plagioclase 50 % 0.5m m  to 1cm euhedra l Re-absorbed centers.
Po tassium  F eld spar 25 % < 2.5 m m anhed ra l Some w ith re-absorbed  cen te rs  an d  pig. inclusions.
Q uartz 15 % < 3.5 m m anhed ra l W ith inclusions of plagioclase.
Biotite 10 % < 1 m m euhedra l W ith inclusions of plagioclase
Secondary m inerals % Size (diameter) Shape Com m ents:
Fe - oxide < 1 % 0.5 m m anhed ra l
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data for the Tobe Spring tuff (sample BMBX 26-1) J = 0.00164954 ± 0.2607%
T(C) t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* Ca/K 40Ar*/39ArK Age (Ma) Is.d.
1600 6 0.103 0.727 1.652 132.051 1034.88 97.3 0.02473865 7.6462 22.61 0.12
1600 6 0.037 0.551 1.329 104.894 815.254 98.9 0.02360392 7.7054 22.79 0.12
1600 6 0.070 0.610 1.220 92.263 728.688 97.4 0.02970887 7.7139 22.81 0.12
1600 6 0.033 0.466 1.108 88.121 690.781 98.9 0.02376237 7.7660 22.96 0.12
1600 6 0.330 0.790 1.927 151.942 1254.72 92.4 0.02336321 7.6591 22.65 0.12
1600 6 0.052 0.536 1.203 96.254 748.626 98.2 0.02502242 7.6574 22.65 0.12
1600 6 0.044 0.425 1.025 82.762 645.25 98.3 0.02307497 7.6789 22.71 0.12
1600 6 0.415 0.697 1.875 141.133 1207.95 90.2 0.02219153 7.7449 22.90 0.12
1600 6 0.052 0.581 1.317 105.194 824.92 98.4 0.0248181 7.7354 22.87 0.12
1600 6 0.046 0.480 1.278 100.491 780.226 98.5 0.02146333 7.6983 22.77 0.12
Mean ± s.d. = 22.77 0.11
Wtd mean age = 22.77 0.07
data for the Clifford Spring tuff (sample Cliff -2 ) J :=0.00164656 ± 0.3571%
T(C) t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* Ca/K 40Ar*/39ArK Age (Ma) Is.d.
1600 6 0.027 0.561 1.273 102.776 826.679 99.3 0.0249066 8.0095 22.61 0.14
1600 6 0.077 0.501 1.126 88.232 725.847 97.2 0.02590926 8.0167 22.79 0.14
1600 6 0.193 0.631 1.367 109.710 928.646 94.2 0.02624379 8.0167 22.81 0.14
1600 6 0.265 0.398 1.046 80.391 722.107 89.6 0.02259013 7.9976 22.96 0.14
1600 6 0.228 0.769 2.020 157.239 1323.98 95.1 0.02231562 8.0430 22.65 0.14
1600 6 0.410 0.728 1.705 129.735 1152.07 89.8 0.02560457 8.0092 22.65 0.14
1600 6 0.126 0.506 1.229 95.310 795.556 95.6 0.02422452 8.0085 22.71 0.14
1600 6 0.049 0.555 1.490 122.329 992.018 98.7 0.02070172 8.0365 22.90 0.14
1600 6 0.043 0.541 1.352 106.624 865.566 98.8 0.02315183 8.0450 22.77 0.16
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W td mean =
23.65 0.07 
23.67 0.09
APPENDIX C, GEOCHRONOLOGIC DATA
Tobe Spring tuff (sample BMBX 26-1) - sanidine
Wtd Mean Age = 22.77 ± 
0.07 Ma, 10 single crystal 
fusions
t
I
I
<L>
I
21.521.0 22.0 22.5 23.0 23.5 24.0 24.5
Age (Ma)
Clifford Spring tuff (sample CLIFF-2) - sanidine
Wtd mean age 23.67 ± 
0.09 Ma, 9 out of 10 
single crystal fusions
curve for 10 single 
crystal fusions —
curve for 9 single 
crystal fusions
B
ë
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Ar^°-Ar^  ^data for the Bellehelen tuff (sample HT23-19) J = 0.00159369 ± 0.6563%
T(C ) t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* C a/K  40Ar*/39ArK Age (Ma) Is.d.
1500 6 0.062 0.351 1.502 117.878 948.361 98.3 0.02403633 7.9325 22.66 0.21
1600 6 0.056 0.449 1.940 155.277 1252.19 98.8 0.02334173 7.9980 22.85 0.21
1600 6 0.017 0.235 1.029 83.880 670.466 99.6 0.02261534 7.9761 22.79 0.21
1600 6 0.290 0.367 1.694 128.877 1097.53 92.5 0.02298711 7.9064 22.59 0.21
1600 6 0.135 0.534 2.009 159.538 1310.89 97.1 0.02701913 8.0110 22.89 0.21
1600 6 0.042 0.417 1.814 145.054 1170.16 99.1 0.02320599 8.0223 22.92 0.21
1600 6 0.084 0.304 1.327 108.017 880.024 97.4 0.02271827 7.9635 22.75 0.21
1600 6 0.048 0.385 1.755 140.120 1136.18 98.9 0.02217963 8.0491 23.00 0.21
1600 6 0.031 0.266 1.133 89.876 720.704 99.1 0.02389086 7.9614 22.75 0.21
1500 6 0.072 0.458 1.885 149.375 1207.78 98.4 0.02475036 7.9853 22.81 0.21
Mean ± s.d. = 22.80 0.11
Wtd mean age = 22.80 0.16
Isochron age = 22.87 0.16
Ar"^ °-Ar^  ^data for the Cow Canyon tuff (sample HBT 5-10) J = 0.00164982 ± 0.2497%
T(C) t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* C a/K  40Ar*/39ArK Age (Ma) Is.d.
1600 6 0.020 0.753 1.881 149.675 1159.62 99.6 0.02437984 7.7483 22.92 0.12
1600 6 0.014 0.535 1.381 114.526 882.293 99.7 0.02263782 7.7085 22.80 0.12
1600 6 0.015 0.675 1.784 141.784 1095.41 99.8 0.02307074 7.7354 22.88 0.12
1600 6 0.061 0.507 1.305 102.738 801.216 98.0 0.02391454 7.6684 22.68 0.12
1600 6 0.026 0.697 1.820 143.844 113.820 99.7 0.02348151 7.7310 22.87 0.12
1600 6 0.069 0.589 1.644 130.041 1014.67 98.2 0.02194926 7.6895 22.74 0.12
1600 6 0.013 0.420 1.110 87.857 678.318 99.7 0.02316637 7.7201 22.83 0.12
1600 6 0.195 0.384 1.024 79.388 661.700 91.8 0.02344021 7.6674 22.68 0.12
1600 6 0.014 0.548 1.268 101.825 779.754 99.7 0.02608024 7.6592 22.65 0.12
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APPENDIX C, GEOCHRONOLOGIC DATA
Cow Canyon tuff (sample HBT 5-10) - sanidine
Wtd Mean Age = 22.78 ± 
0.07 Ma, 10 single 
crystal fusions
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Bellehelen tuff (sample HT23.19) - sanidine
Wtd mean age 22.80 ± 0.16 
0.09 Ma, 10 single crystal 
fusions
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Ar'^ -^Ar^  ^data for the Warm Springs tuff (sample WSMBX 25-7) J = 0.165015 ± 0.2473%
T(C) t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* C a/K  40Ar*/39ArK Age (Ma) Is.d.
1600 6 0.123 0.497 1.296 99.778 833.742 95.8 0.02363944 8.0292 23.75 0.13
1600 6 0.140 0.555 1.354 105.503 873.107 95.4 0.02496571 7.9213 23.43 0.11
1600 6 0.087 0.664 1.764 139.850 1134.39 97.8 0.0225331 7.9625 23.55 0.12
1600 6 0.079 0.661 1.561 124.170 1009.48 97.8 0.02526391 7.9765 23.59 0.12
1600 6 0.096 0.551 1.520 119.424 975.664 97.2 0.02189653 7.9676 23.57 0.12
1600 6 0.125 0.311 0.847 66.347 566.908 93.8 0.02224613 8.0265 23.74 0.13
1600 6 0.038 0.524 1.349 108.844 879.076 98.9 0.02284769 8.0057 23.68 0.12
1600 6 0.047 0.444 1.021 81.163 657.072 98.0 0.02596215 7.9564 23.53 0.12
1600 6 0.203 0.630 1.725 137.205 1145.21 94.9 0.02179144 7.9503 23.51 0.12
1600 6 0.057 0.464 1.232 98.521 801.204 98.1 0.02235139 7.9945 23.64 0.12
Mean ± s.d. = 23.60 0.10
Wtd mean age = 23.59 0.07
Ar^°-Ar^  ^data for the rhyolite intrusion (sample INT 27-3) J = 0.00164832 ± 0.2967%
T(C) t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* C a/K  40Ar*/39ArK Age (Ma) Is.d.
1600 6 0.136 0.554 1.630 125.970 912.390 95.7 0.02047235 6.9855 20.65 0.12
1600 6 0.029 0.519 1.780 142.343 1007.50 99.2 0.0169729 7.0447 20.83 0.11
1600 6 0.191 0.500 1.539 121.414 895.453 93.9 0.01917018 6.9443 20.53 0.11
1600 6 0.194 0.415 1.464 114.682 853.147 93.5 0.01684526 6.9739 20.62 0.11
1600 6 0.033 0.505 1.688 136.091 958.262 99.1 0.01727376 6.9960 20.69 0.11
1600 6 0.174 0.559 1.908 150.829 1104.27 95.5 0.01725249 7.0137 20.74 0.12
1600 6 0.058 0.354 1.122 90.143 643.587 95.5 0.01828084 6.9766 20.63 0.11
1600 6 0.128 0.655 1.918 151.792 1100.87 96.7 0.02008711 7.0348 20.80 0.11
1600 6 0.054 0.285 0.873 69.568 499.117 97.0 0.01907042 6.9708 20.61 0.11
1600 6 0.321 0.514 1.902 149.783 1136.29 91.9 0.01597443 6.9923 20.67 0.12
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APPENDIX C, GEOCHRONOLOGIC DATA
Warm Springs tuff (sample WSMBX 25-7) - sanidine
Wtd Mean Age = 23.59 ± 
0.07 Ma, 10 single crystal 
fusions
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Rhyolite dike (INT 27-3) - sanidine
Wtd mean age 20.68 ± 
0.07 Ma, 10 single crystal 
fusions
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APPENDIX D, GEOCHEMICAL DATA (XRF)
M ajor E lem ents (%): recalcu lated LO I free
Warm Springs 
whole rock
Bellehelen 
whole rock
Cow Canyon 
whole rock
Tobe Spring 
whole rock
Clifford Spring 
whole rock
Si0 2 78.15 76.86 78.52 68.30 76.22
AI2 O3 12.31 13.22 12.32 16.65 12.83
TiOs 0.145 0.183 0.237 0.225 0.189
Fe203 0 . 8 8 1.30 1.39 1.94 1.37
MgO 0.28 0.26 0.28 0.54 0.37
Na2 0 2.39 1 . 6 6 0.61 2.71 2.89
K2 O 4.83 5.29 4.56 6 . 1 0 5.05
MnO 0.019 0 . 0 1 0 0.040 0.065 0.018
CaO 0.52 0.15 0.53 2.59 0.72
P2 O5 0.026 0.043 0.067 0.67 0.092
LOI 2.08 3.10 3.12 4.49 2.87
Trace Elements (ppm): recalculated LOI free
Warm Springs 
whole rock
Bellehelen 
whole rock
Cow Canyon 
whole rock
Tobe Spring 
whole rock
Clifford Spring 
whole rock
Sc 1.81 1.137 0.531 3.571 0.535
V - 19.78 27.55 37.83 9.54
Co 2 1 . 0 2 - - - 1 2 . 0 0
Ni 1.826 7.738 3.604 4.503 2.528
Cu 2.33 8.363 4.854 4.528 2.232
Rb 195.5 318.0 228.4 235.8 173.2
Sr 35.07 1 1 0 . 6 51.53 1 2 2 . 2 1 0 2 . 0
Y 20.25 34.57 15.74 22.67 21.36
Zr 109.3 138.4 142.6 142.2 160.8
Nb 19.57 23.52 15.10 16.06 16.99
Cs 13.46 25.53 16.68 27.29 1 2 . 0 1
Ba 169.8 614.8 292.0 564.0 403.0
La 52.93 49.84 45.52 58.87 35.11
Ce 62.56 86.58 95.50 98.99 74.67
Nd 26.93 37.58 35.50 34.72 30.53
Sm 2.823 1.815 4.784 8.386 6.511
Yb 2 . 8 8 6 2.293 - 1.448 2.079
Hf 2.72 6.74 5.177 4.118 3.598
W 204.6 18.25 4.587 19.31 134.6
Pb 22.31 47.90 28.13 18.81 19.24
Th 24.40 49.80 24.58 25.13 21.81
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APPENDIX D, GEOCHEMICAL DATA (XRF)
M ajo r Elem ents (%): recalcu lated LO I free
Castle Rock 
rhyolite dome
rhyolite
dike Basalt -1 Basalt - 2
Si02 77.83 72.6 56.75 57.86
A1203 12.46 13.79 17.6 16.58
T i03 0.13 0.356 1.354 1.221
Fe203 0.45 2.32 7.38 7.84
MgO 0.17 0.89 2.15 3.17
Na20 3.48 2.54 3.17 3.08
K20 4.9 5.11 2.73 2.78
MnO 0.012 0.044 0.211 0.151
CaO 0.48 1.61 7.79 6.71
P205 0.031 0.129 0.426 0.393
LOI 1.20 2.16 1.10 1.72
Trace Elements (ppm): recalculated LOI free
Castle Rock 
rhyolite dome
rhyolite
dike Basalt -1 Basalt - 2
Sc 2.15 2.168 20.34 16.545
V 0 46.313 206.179 177.235
Co 35.013 36.023 44.392 40.415
Ni 1.409 3.395 9.517 8.959
Cu 2.47 4.401 17.703 18.087
Rb 281.407 167.145 60.66 71.428
Sr 20.461 417.391 856.302 835.935
Y 28.789 11.138 23.851 25.63
Zr 90.056 166.753 251.712 258.987
Nb 29.758 14.953 14.339 15.637
Cs 9.192 18.13 - -
Ba 79.267 896.153 976.268 888.778
La 31.242 42.879 54.945 51.301
Ce 66.168 87.226 102.645 93.405
Nd 29.013 27.642 46.15 39.132
Sm 6.724 8.22 20.843 14.095
Yb 0.421 1.513 1.556 1.362
Hf 4.916 6.058 9.882 7.05
W 306.066 235.377 70.17 172.823
Pb 23.154 17.987 8.532 7.878
Th 35.471 22.424 9.304 11.166
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APPENDIX D, GEOCHEMICAL DATA (XRF)
Major Elements (%): recalculated LOI free
Bellehelen
pumice
Cow Canyon 
pumice
Analytical
precision
Analytical
accuracy
Si02 65.18 58.46 0.093 0.0462
A1203 21.05 30.07 0.035 0.094
T i03 0.154 0.227 0.005 0.041
Fe203 2.55 1.97 0.015 0.151
MgO 0.4 0.37 0.010 0.007
Na20 2.51 0.78 0.085 0.009
K20 8.24 4.91 0.017 0.021
MnO 0.023 0.023 0.001 0.000
CaO 0.18 0.18 0.006 0.059
P205 0.034 0.034 0.004 0.007
LOI 5.07 9.75 - -
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APPENDIX D, GEOCHEMICAL DATA
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APPENDIX D, GEOCHEMICAL DATA
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APPENDIX D, GEOCHEMICAL DATA
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